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Preface 
 

Though textile history is millennia-old, the potential for innovative products has hardly been exhausted. 
High-tech textiles rely on the continuous development of new fiber raw materials and processing 
techniques. For textiles to continue as  high, value-added products, steady research efforts are needed,  
as well as a strong cooperation between science and manufacturing. 
 
The goal of the Fiber Society conference is to provide an exchange platform for chemists, physicists, 
and engineers with interests in the field of fiber science and technology. Its further intention is to offer 
industry an insight into current research topics relevant for tomorrow's applications. The Fiber Society,  
a not-for-profit professional and scientific association founded in 1941, advances scientific knowledge 
pertaining to fibers, fiber-based products, and fibrous materials by providing bi-annual conferences. 
 
Through five keynote speeches by excellent researchers, 72 oral presentations and 75 posters by 
scientists from 20 countries, the conference presents an overview of the latest developments in polymer 
and fiber science. Topics addressed are: 
 

New Materials for Fibers 
Fiber-related Nanotechnology 

Fiber Development 
Electrospinning 
Medical Textiles 

Smart Fibers and Textiles 
Coating and Finishing 
Comfort and Health 

Protection 
New Characterization Methods 

 
The venue of the conference is Empa in St. Gallen, Switzerland. St. Gallen's linen-based textile industry 
dates back to the fifteenth century. During the industrial revolution, it played a pioneering role in the 
mechanization of the textile industry. It became known for its embroideries, which still enjoy an 
international reputation. 
 
The conference is organized and hosted by Empa, the Swiss Federal Research Institution for Material 
Sciences and Technology Development within the ETH Domain. Empa’s R&D activities link together 
applications-oriented research and the practical implementation of new ideas, science, and industry.  
The conference further confirms Empa’s long-term commitment to textiles research.  
 
We would like to express our thanks to the helpers and members of the organizing committee for their 
efforts, especially Pam Gabriel and Brigitte Niepoort, and to all sponsors for their valuable support, in 
particular Prof. Urs Meyer for his financial contribution to this book. We are extremely grateful to the 
keynote speakers, oral and poster presenters, session chairs, and members of the scientific committee, 
who have invested a lot of time and effort to make this conference a success. 
 
 
Dr. Rudolf Hufenus Dr. René Rossi 
 

Deputy Head of Laboratory for Head of Laboratory for 
Advanced Fibers Protection and Physiology 
 
Empa, Swiss Federal Laboratories for Materials Science and Technology, CH-9014 St. Gallen



Wednesday, May 23 
 

8:00 Registration and Coffee 
9:00 Welcoming Remarks, Business, and Announcements    Rudolf Hufenus, Conference Co-chair 

            Cheryl Gomes, President, Fiber Society 
     Dr. Harald Krug, Board of Directors, Empa 

                                                                      Erika Forster, former Council of States: Textiles in St. Gallen 
 
 

Morning Session 
 

9:30 Keynote Speaker: Dr. Martin King, North Carolina State University, USA 
The Contribution of Biotextiles to Human Health 
(Foyer Auditorium) 

 

10:15 Break     
 

  Foyer Gallery 
 Session: New Materials for Fibers 

Phillip Gibson, Chair 
Natick 

Session: Comfort and Health 
Jin-tu Fan, Chair 
Cornell University 

10:45  Encapsulation of PCM for Thermo-
regulating Fabric Application 
Subhas Ghosh and Prasad 
Bhatkhande, Eastern Michigan 
University 

Measurement of Garment Tensile Force by a 
Newly Developed Nonelastic String Method 
Chao Sun1, Jin-tu Fan1,2, and Jessie Kar1, 
1Hong Kong Polytechnic University, 2Cornell 
University

11:05 Surface Roughness Characterization 
of Nephila Clavipes Dragline Silk with 
Atomic Force Microscopy 
Michael Ellison, B. Faugas, M. 
Kennedy, and D. Dean, Clemson 
University 

Analysis of Thermal Comfort Properties of 
Chemical Protective Clothing Using Thermal 
Manikin 
Chi Chung Wong1, Hing Leung Chan1, 
Shuqin Wen2, Guowen Song2, 1SGS Hong 
Kong Limited, 2University of Alberta 

11:25 Impact Performance and Energy 
Absorption Modes of Kevlar Fabrics 
Treated with Shear Thickening Fluid 
Abhijit Majumdar, Bhupendra Butola, 
and Ankita Srivastava, Indian Institute 
of Technology 

The Evaluation of Moisture Management 
Fabrics 
Li-Chu Wang1, Yun-Chi Chang1, and Yang-
Cheng Shih2, 1Taiwan Textile Research 
Institute, 2National Taipei University of 
Technology 

11:45 A Novel, Environmentally Friendly 
Process for the Extrusion of 
UHMWPE Fibres 
Abdul Rajput and Alex Fotheringham, 
Heriot Watt University 

Air Permeability of Windproof Polyester 
Microfilament Fabrics at Different Pressure 
Drop Values 
Kübra Kaynak and Osman Babaarslan, 
Çukurova University 

12:05 Influence of Shell Number on Capacity 
of Microcapsules Containing 
Fragrance 
Arunee Kongdee, Wijitra 
Chockbundit, and Aksom Saengsom, 
Maejo University 

Thermal Comfort of Biking Dresses at Real 
Conditions for Their Use 
Lubos Hes1 and Pavol Lizak2, 1Technical 
University of Liberec, 2University of 
Alexander Dubček 

12:25 Dynamics of Electrochemical 
Polymerization of Pyrrole 
Kushal Sen, Dipayan Das, and Syamal 
Maiti, Indian Institute of Technology 

Pushing the Functional Limits of Clothing 
Jin-tu Fan, Cornell University 

 

12:45– 
2:00 

Lunch (Foyer and Gallery)     



Afternoon Session 
 

1:30–
2:00 

Poster Session (Gallery) 

2:00 Keynote Speaker: Dr. Vladan Koncar, Ensait, France 
Textile Electronics—Flexible Circuits 
(Foyer Auditorium)     

 Foyer Gallery 
 Session: Electrospinning 

Juan Hinestroza, Chair 
Cornell University 

Session: Protection 
Cheryl Gomes, Chair 
QinetiQ North America 

2:45 Thermo-responsive Electrospun 
Membranes for Applications in 
Medical Textiles 
Ana Maria Popa, Stefanie Zuber, 
Francisco Teixeira, and René Rossi, 
Empa 

Measurement and Simulation of the Fabric 
and Clothing Performance on 
Electromagnetic Radiation 
Yan Chen and Li Li Zhang, Soochow 
University 
 

3:05 Prediction of PAN Nanofibers 
Diameter and Defects Using Neural 
Network 
Maryam Yousefzadeh, Amirkabir 
University of Technology 

Prediction Models for Effective Auditory 
Camouflage Performance of Korean Military 
Combat Uniform Fabrics 
Jeehyun Lee, Eunjung Jin, Kyulin Lee, and 
Gilsoo Cho, Yonsei University 

3:25 Understanding the Effect of 
Electrospinning Distance on the 
Morphology of PAN Nanofibers 
Manjeet Jassal, Sandip Basu, and 
Ashwini Agrawal, Indian Institute of 
Technology 

Influence of Water Repellent Finishing on 
Outer Water Sportswear Regarding Thermal 
Insulation 
Maria Jose Abreu1, A. Catarino1, C. Cardoso1, 
and S. Kueblbeck2, 1University of Minho, 
2Fachhochschule fuer Technik und Wirtschaft 

 

3:45 Break Break  
 

4:15 Fabrication and Characterization of 
Chitosan-Gelatin Nanofibers 
Sima Habibi, Zahra Rezvani, and 
Sadaf Samimi, Islamic Azad 
University 

Analyzing Impact Penetration Performance of 
Fabrics Used in Protective Clothing 
Guowen Song2, Yehu Lu1,2, Jun Li1, and Wei 
Cao3, 1Donghua University, 2University of 
Alberta, 3California State University-
Northridge 

4:35 Electrospinning of Cyclodextrin 
Functionalized Nanofibers 
Zeynep Aytaç, Fatma Kayacı, Aslı 
Çelebioğlu, Yelda Ertaş and Tamer 
Uyar, Bilkent University 

Analyzing the Discharged Energy and Its 
Contribution to Thermal Performance of 
Protective Clothing Upon Hot Liquid Splash 
Farzan Gholamreza, Guowen Song, and Mark 
Ackerman, University of Alberta 

4:55 Blend Electrospinning of 
Polycaprolactone/Chitosan Nanofibres 
Karen De Clerck, I. Steyaert, L. Van 
der Schueren, Ghent University 

 Electronic Textile Cables for Advanced 
Soldier Systems 
Cheryl Gomes, Brian Farrell, Richard 
Streeter, Mike Morkos, and Dave McDonald 
QinetiQ North America, Inc. 

 
5:15 Transfer to Town (Chartered Bus) 
 

6:00 Walking Guided City Tour   
 

7:00 Reception 
 Welcome: Dr. René Rossi, Conference Co-chair 

Mr.  Benedikt Würth, Member of the Cantonal Government of St. Gallen, Head 
of the Department of Economic Affairs, Representing the City of St. Gallen 

             Speaker: Dr. Reto Malsina, No Fibers to Save Resources 



             Banquet  
             Entertainment: Traditional Swiss Music 
 

10:45 Evening Concludes 
 
 

Thursday, May 24 
 

8:00 Registration and Coffee 
 

Morning Session 
 

8:30 Keynote Speaker Dr. Urs Meier, Empa, Switzerland 
R&D Needs for Advanced Fibrous Composites in Construction 
(Foyer Auditorium) 

 Foyer Gallery 
 Session: Fiber Development 

Yimin Wang, Chair 
Donghua University 

Session: Coating and Finishing 
Urs Meyer, Chair 
ETH Zurich 

9:15 Pretreatment and Pyrolysis of Rayon-
based Precursor for Carbon Fibers 
Gajanan Bhat1,  Kokouvi Akato1, and 
Wesley Hoffman2, 1University of 
Tennessee-Knoxville, 2AFRL 

Fabrication, Characterization and 
Applications of Ultrafine Cashmere Guard 
Hair Powder 
Kiran Patil1, Rangam Rajkhowa1, Takuya 
Tsuzuki1, Suzanne Smith2,3, Xungai Wang1, 
and Tong Lin1, 1Deakin University, 
2Australian National Laboratory, 3Brookhaven 
National Laboratory 

9:35 Flat Fibers: From Fibers to 
Unidirectional Foils 
Jan Giesbrecht1, Jérôme Lefèvre1, 
Theo Tervoort1, Kirill Feldman1, Paul 
Smith1, and Han Meijer2, 1ETH Zurich, 
2Technical University Eindhoven 

Textiles with Thermo-adaptive IR-
transmission for Heat Insulation in Buildings 
Stefan Gierling1, Jürgen Meyer2, Jan 
Beringer1, and Andreas Schmidt1, 1Hohenstein 
Institut für Textilinnovation GmbH, 2Eberhard 
Karls Universität Tübingen 

9:55 Engineering Melt Spinning Modeling 
and Mechanical Properties of 
Polyester Fully Drawn Yarn 
Chaosheng Wang1, Wei Kong1, Rui 
Song1, Jingping Ye2, Huaping Wang1, 
1Donghua University, 2Fujian Baihong 
Polyester Fiber Industrial Co. 

Methacrylic Acid Finish of Cotton-based 
Garments 
Debasish Das and Rajiv Munsi, University of 
Calcutta 

 

10:15 Break  Break  
 

10:45 Finest Fiber Technologies 
Martin Dauner, Till Batt, Angela Funk, 
Martin Hoss, Christoph Rieger, 
Andreas Ullrich, Heinrich Planck, 
Institut für Textil- und 
Verfahrenstechnik Denkendorf 

Droplet on a Fiber: Beyond the Barrels and 
Clam Shells, the Spreading Dynamics 
David Seveno and Joël Coninck, Université 
de Mons 
 

11:05 Development of New Functional 
Fibers for Composites in Aerospace 
and Railway Industries 
Jonas Bouchard1,2, Aurélie Cayla1,2, 
Eric Devaux1,2, and Christine 
Campagne1,2, 1Université Lille Nord de 
France, 2ENSAIT 

Approach of Wetting Properties of a Plasma-
treated Flocked Pile Fabric Under Stress 
Safi Melki1, B. Biguenet1, D. Dupuis1, and V. 
Roucoules2, 1ENSISA, 2Institut de Science des 
Matériaux de Mulhouse 



11:25 Structure and Properties of MWNTs 
Modified UHMWPE Fibers 
Junrong Yu2, Xinge Yang1, Yan Li2, 
Lei Chen2, Jing Zhu2, and Zuming Hu2, 
1Linyi University, 2Donghua 
University 

pH Sensitivity of Azo Dyes 
Thierry De Meyer, Lien Van der Schueren, 
Karen Hemelsoet, Veronique Van 
Speybroeck, and Karen De Clerck, Ghent 
University 

11:45 Process Technologies for Biopolymer 
Staple Fibres in Healthcare 
Applications 
Sangeetha Ramaswamy, Jennifer Arif, 
Mohit Raina, and Thomas Gries, 
RWTH Aachen University 

Enzymatic Hydrolysis of Waste-dyed Cotton 
Fabrics Enhanced by Ionic Liquid Dissolution 
for Bacterial Cellulose Production 
Xiang Guo, Jing Yu Tang, Shan Ming Ruan, 
Feng Hong, Donghua University 

12:05 Properties of POY and Textured Yarn 
with Different Cross-sectional Shapes 
Selcen Özkan Hacioğullari and Osman 
Babaarslan, Çukurova University 

Surface Modification of Cotton Fabrics by a 
New Reactive Cyclodextrin 
Malihe Nazi1,2, Reza Mohammad Ali Malek1, 
Richard Kotek3, 1Amirkabir University of 
Technology, 2Standard Research Institute, 
3North Carolina State University 

12:25 Structure, Mechanical and Thermal 
Properties of a Novel Thermotropic 
Liquid-Crystalline (TLCP) Polyester 
Fiber 
Yimin Wang1, Weimin Qin2, Yumin 
Xia1, Yan-Ping Wang1, and Weibiao 
Zhu1, 1Donghua University, 
2Engineering Research Center of 
Technical Textiles 

High-speed Impact Resistant Properties of 
Hybrid Soft Armor Fabrics Coated with Shear 
Thickening Fluid 
Tae Jin Kang, Jong Lyoul Park, Seoul 
National University 

 

12:45–
2:00 

Lunch (Foyer and Gallery) 
 

 
Afternoon Session 

 

1:30–
2:00 

Poster Session (Gallery) 

2:00 Keynote Speaker: Dr. Thomas Scheibel, University of Bayreuth, Germany 
Inspired by Nature: Proteins as Biopolymers for Fiber Applications 
(Foyer Auditorium) 

 Foyer Gallery 
 Session: Smart Fibers and Textiles 

Dominique Adolphe, Chair 
ENSISA 

Session: Medical Textiles 
Gang Sun, Chair 
University of California-Davis 

2:45 Electrode Materials for Wearable 
Electronics 
Zijian Zheng, Hong Kong Polytechnic 
University 

Polymeric Optical Fiber Fabrics for Medical 
Applications 
Lukas Scherer1, Marek Krehel1, Bastien 
Schyrr2, Stéphanie Pasche2, Rudolf Hufenus1, 
and René Rossi1, 1Empa, 2CSEM 

3:05 Responsive Camouflage Textiles 
Bhupendra Butola, Muksit Ahamed 
Chowdhury, and Mangala Joshi, Indian 
Institute of Technology 

New Method of Evaluation of Permethrin-
treated Fabrics 
Laurence Schacher and Dominique Adolphe, 
ENSISA 



3:25 Protective and Insulative Coatings for 
e-Fibers 
Sabyasachi Gaan1,  Sumedh Ganu1, 
Hélène Ritter1, Patrick Rupper1, Felix 
Reifler1, Markus Faller1, and Christian 
Roth2, 1Empa, 2ETH Zurich 

Analysis of Sub-bandage Pressure Generated 
by Compression Bandages Under Dynamic 
Conditions 
B. Kumar, A. Das, and R. Alagirusamy, 
Indian Institute of Technology 

 

3:45 Break  Break  
 

4:15 Design and Material Consideration for 
Multifunctional Mass-customized 
Smart Sportswear: Diet-facilitating 
Suit 
Hoon Joo Lee2, Junghyun Park1, and 
Robert Fornaro2, 1Pusan National 
University, 2North Carolina State 
University 

Bioactive Textiles from Ratanjot 
Anjali Arora, Deepali Rastogi, Deepti Gupta, 
and M. L. Gulrajani, Indian Institute of 
Technology 

4:35 DSSC Textiles with Arranged Colors 
Youngjin Chae and Eunae Kim, 
Yonsei University 

Biodegradable Fibres for Cardiac Repair 
Géraldine Guex1,2, A. Frobert3, S. Cook3, G. 
Fortunato2, E. Körner2, D. Hegemann2, C. 
Fouassier1, J. Valentin3, T. Carrel1, H. 
Tevaearai1, and M. N. Giraud3, 1Clinic of 
Cardiovascular Surgery, 2Empa, 3University 
of Fribourg 

4:55 Plasma Coating of Fibers: Specifics 
and Opportunities 
Dirk Hegemann, Martin Drabik, 
Barbara Hanselmann, and Martin 
Amberg, Empa 

Protein Nanofibers Fabricated by Extruding 
Immiscible Polymer 
Gang Sun, Ang Lu, and Abolfazl Aghanouri, 
University of California-Davis  
  

 
5:15               Empa Lab Tour 
 

6:30–9:00 Foyer: Catwalk and Poster Awards with Hors d’oeuvres  & Beverages 
 
 

Friday, May 25 
 
8:00  Coffee 
 

8:30 Keynote Speakers: Dr. Phillip Gibson, Natick, USA, and Dr. René Rossi, Empa, 
Switzerland 
Modeling of Thermal Comfort: From Microscale to Macroscale 
(Foyer Auditorium) 

 Foyer Gallery 
 Session: Fiber-related 

Nanotechnology 
Yusuf Ulcay, Chair 
University of Uludağ 

Session: New Characterization Methods 
Ian R. Hardin, Chair 
University of Georgia 

9:15 Self-healable, Robust 
Superamphiphobic Fabrics from a 
Nanocomposite Coating 
Tong Lin, Hongxia Wang, and Hua 
Zhou, Deakin University 

Morphological Defects of Cotton Fibers 
Adkham Paiziev, Shukhrat Abdullaev, and 
Sarvar Khalilov, Uzbek Academy of Sciences 



9:35 Application of Nanodispersions of 
Silicon Dioxide for Treatment of 
Textile Materials 
Svitlana Karvan1, Olga Paraska1, 
Andrii Marynin2, and Valentin 
Olishevskiy2, 1Khmelnitsky National 
University, 2National University of 
Food Technologies 

Objective Evaluation of Fabric Hand 
Characteristics Using Extraction Principle 
Apurba Das, Indian Institute of Technology 

9:55 Development and Characterization of 
Novel Carbon Nanomaterial-based 
Multiscale Composites 
Alagirusamy Ramasamy2, Sohel 
Rana1, Raul Fangueiro1, and Mangala 
Joshi2, 1University of Minho, 2Indian 
Institute of Technology 

Thermal Degradation of Heterocyclic Aramid 
Fibers in AIR 
Lei Chen, Chengcheng Hu, Junrong Yu, Jing 
Zhu, and Zuming Hu, Donghua University 

 

10:15 Break  Break  
 

10:45 Measuring Electrostatic Forces on 
Fibers at the Nanoscale 
Juan Hinestroza3, Alba Avila1, and 
Sebastian Bonilla2, 1Universidad de los 
Andes, 2University of Oxford, 3Cornell 
University 

Study on Physical and Structural Properties 
of Modified Finer, Low-torque Ring Yarns 
Feng Jie, Bingang Xu, and Xiaoming Tao, 
Hong Kong Polytechnic University 

11:05 A Study of Pyrolysis Conditions on 
Carbon Nanofiber Properties 
Produced from Freeze-dried Cellulose 
Nanofibers 
Ehsan Jazaeri, Takuya Tsuzuki, and 
Xungai Wang, Deakin University

Fibre Orientation-induced Mechanical 
Anisotropy in Needlepunched Nonwovens 
S. M. Ishtiaque, Dipayan Das, and Shivendra 
Yadav, Indian Institute of Technology 

11:25 Aggregation Behaviour of Silver 
Nanoparticles of Different Shapes in 
Liquid Media and Its Effect on 
Antimicrobial Activity 
Sangita Paul, Manjeet Jassal, and 
Ashwini Agrawal, Indian Institute of 
Technology     

Atomic Force Microscopy for the 
Characterization of Fibers and 
Functionalized Surfaces 
Jörn Lübben, Albstadt-Sigmaringen 
University of Applied Sciences 

11:45 Development of PET Fibers for 
Photocatalytic Degradation of Organic 
Molecules 
Giuseppino Fortunato, A. Tenniche, L. 
Gottardo, F. A. Reifler, K. Michalow, 
and R. Hufenus, Empa 

Chemical and Mechanical Characterization 
of Textile Fibers from Caribbean Saccharum 
Officinarum 
Davina Michel, J. Y. Drean, and O. Harzallah, 
Université de Haute Alsace 
 

12:05 Bionanocellulose Fabrication and 
Functionalization 
Shiyan Chen, Weili Hu, Na Yin, Feng 
Hong, Bin Ding, and Huaping Wang, 
Donghua University 

Studies on Multicomponent Nonwoven Filter 
Media 
Rabisankar Chattopadhyay, Dipayan Das, 
Arun Kumar Pradhan, and S. N. Singh, Indian 
Institute of Technology 

12:25 Preparation and Properties of 
Poly(ethylene terephthalate)/Nanoclay 
Nanocomposites Fibers 
Yusuf Ulcay1,2, Rustam Hojiyev1, and 
Şule Altun1, 1University of Uludağ, 
2Bursa Technical University 

Noncontact Ultrasonic Characterization 
Techniques for Fibrous Materials Analysis 
Thamizhisai Periyaswamy1, Karthikeyan 
Balasubramanian2, and Christopher Pastore3, 
1Central Michigan University, 2Temple 
University, 3Philadelphia University 

12:45 Concluding Remarks and Farewell (Foyer Auditorium) 
 



Poster Presentations 
 

(Gallery) 
 
 
Session Chairs 
 

Laurence Schacher, ENSISA; Michael Ellison, Clemson University; and Stephen Michielsen, 
North Carolina State University 
 
 
Name        Title 
 
01  Dominic Kehren  Microgel-based Fibers 
 
02  Seung Jin Kim The Physical Property of Aramid/Nylon ATY According to the Process 

Parameters 
 
03  Leszek Jarecki Modeling of Pneumatic Melt Spinning of Fibers in the Laval Nozzle: 

Effects of the Die Assembly Geometry 
 
04  Chui Ha Au Investigation of Ultraviolet Protective Cotton Knitwear Fabric with 

Chemical Approach 
 
05  Wai Yin Wong  A Study on Fabric Porosity and UV Protection of Knitted Fabrics 
 
06  Ka Po Maggie Tang  Water Transport Property and Wetness Sensation of Fabrics 
 
07  Hoon Joo Lee  Self-cleaning Superoleophobic Surfaces 
 
08  Bianca-Michaela Wölfling Improvement of Temperature and Moisture Management of Personal 

Protective Equipment for Fire Fighters 
 
09  Magdalena Zwolińska The Study of Effectiveness of PCM Used in Protective Clothing 
 
10  Hadj Latroch Contribution to the Development of New Tools for Mechanical 

Characterization of Fabrics and Textiles Sensory Profiles 
 
11  Zhi-juan Pan Effect of Spinning Technological Conditions on the Mechanical 

Properties of PA6/SWNTs Nanofiber Filaments 
 
12  Foued Khoffi  Viscoelastic Behavior of Textile Vascular Prostheses 
 
13  Mathieu Coquelle  Fire Retardant Nano-architectured Polyamide-6 Fibers 
 
14  Tieling Xing  Surface-initiated ATRP on Cotton Fabric in Water Aqueous 
 
15  In-Sook Kang Studies on the Detergency of Films Treated with Plasma as a Function of 

the Soil Components in Aqueous and Nonaqueous Media for Developing 
Self-cleaning Industrial Materials 

 
16  Maofei Mei Nonrotationally Symmetrical Droplet on Nylon Fiber 
 
17  Yuti Zhang The Cultural Interpretation of the Silk Elegant Characteristic 

fromChinese Ancient Culture Perspective 
 
18  Haewon Chung Adsorption and Removal of Volatile Organic Compounds on β-

Cyclodextrin Finished Fabrics 
 



19  Yidan Zheng Modification of Silk Fabric with Gold Nanorods 
 
20  Emel Mert Thermal Comfort Properties of Wool and Regenerated Fibers Blended 

Woven Fabrics 
 
21  Ian R. Hardin Analysis of Structure of Graphene-coated Fibers 
 
22  Xinhou Wang Simulation of Melt-blown Fiber Foundation Using SLS Model 
 
23  Fumei Wang Hand Comparison of PTT and Nylon Fabrics in Extremely Cold 

Environment 
 
24  Xuemei Ding Data Uncertainty Simulation for Textile Carbon Footprint 
 
25  Baturalp Yalçınkaya  Fabrication of Electrospun PVB/Epoxy/MWCNT Composite Nanofibers 
 
26  Fatma Kayacı Encapsulation of Vanillin/Cyclodextrin Inclusion Complexes in 

Electrospun Nanowebs: High-temperature Stability and Slow Release of 
Vanillin 

 
27  Aslı Çelebioğlu  Polymer-free Cyclodextrin Nanofibers via Electrospinning 
 
28  Yelda Ertas Electrospun Nanowebs Incorporating Essential Oil/Cyclodextrin 

Inclusion Complexes 
 
29  Ganna Ungur  Polyurethane Nanofibers Containing the Nanoparticles of Metal Oxides 
 
30  Kyung Lee   Changes in Performance Characteristics of Vapor-permeable     

Waterproof Materials Based on Electrospun Nanofibers After Repeated 
Laundering 

 
31  Guira Park Heat and Moisture Transfer Properties of SMA-attached Cold Protective 

Fabrics Determined by Human-Clothing-Environment Simulator 
 
32  Youngmi Park Extraction of the Dye from Dendropanax by Fermentation of Phellinums 

linteus Cultivation 
 
33  Tiago Sotto Mayor A Cooling Solution for Footwear—Numerical Analysis 
 
34  Duckwon Lee Effect of Slit and Motion on the Heat and Moisture Transport of Fabrics 

Using Human-Clothing-Environment Simulator 
 
35  Yusuf Ulcay Sound Absorptive Nonwovens for Indoor Structures 
 
36  Mohamed Dallel Processing and Characterization of a New Ring-spun Yarn Based on 

Alfa Fiber (Stipa Tenacissima L.) 
 
37  Mohamed Kechiche Mechanical Characterization of Composite Polyethylene 

Terephtalate/Copper Filaments 
 
38  Maria Jose Abreu Influence of Different Finishing Treatments Over Mechanical and 

Thermal Properties of Bed Linen 
 
39  Thamizhisai Periyaswamy Analyzing  the Bioharmony of Battle Dress Uniforms (BDUs) Through 

Human Activity Index (HAI) 
 
40  Qing Chen An Investigation of Water Transport Properties of Polyester Knitted 

Fabrics    
 



41  Dominique Adolphe  On Compression/Recovery of Goose Down 
 
42  Fatma Yener Effect of Jet Electric Current on Jet Regimes in Electrospinning of 

Polyvinyl Butyral Solutions 
 
43  Małgorzata Matusiak New Applications of Cotton Fibres 
 
44  Yongchun Zeng Study on Airflow Field of the Melt-blowing Slot Die via CFD and 

Genetic Algorithm 
 
45  Jinping Guan Synergistic Flame Retardancy Modificatin of Silk Fabric with 

Phosphorus/Nitrogen-based Vinyl Monomers 
 
46  Swapna Mishra Strain Distribution in Woven Fabrics Under Uniaxial Tensile 

Deformation: Effect of Construction 
 
47  Dahua Shou   Dual-scale Modeling of Porous Fibrous Materials 
 
48  Mustafa Kahraman  Development of Polymer-based Carbon Nanofiber Production 
 
49  Y. Emre Kiyak  Contributions to Modeling of Jet Route of Electrospinning Process 
 
50  Yanping Liu              Nonlinear Compression Behavior of Warp-knitted Spacer Fabric 
 
51  Osman Armağan     Plasma-induced Adhesion Improvement on Laminated Fabrics 
 
52  Na Liu                       Modification and Fiber Formation of Cellulose Acetate 
 
53  Wai Fong Lau           Design and Development of Seamless Knitted Bra 
 
54  Aysin Dural Erem Antimicrobial Activity of PP/TiO2 Films 
 
55  Feng Hong               Effects of Six Sugars from Straw on Bacterial Cellulose Production 
 
56  Karen De Clerck      A New Tool to Evaluate Reactivity of Novel Bioengineered Cotton Fibers 
 
57  Andrea Weber Marin            Characteristic of Bamboo Fibers for the European Market and 

Contemporary Textile Design 
 
58  Sangeetha Ramaswamy        Customer-oriented Quality Characterization of Technical Nonwoven 

Textiles 
 
59  Mazeyar Gashti                     UV Radiation-induced Flame Retardant Cellulose Fiber by Using 

Polyvinylphosphonic Acid/Carbon Nanotube Composite Coating 
 
60  Maryam Yousefzadeh           Fabrication of Vertically Aligned Electrospun Anatase TiO2 Nanotubes 

for Dye-sensitized Solar Cells 
 
61  Engin Akçagün                     Investigation of Fabric Stiffness on Tencel Fabrics in Terms of Clothing 

Comfort 
 
62  Zehra Yildiz Investigation of the Properties of Core Spun Yarn Containing a Metal 

Wire 
 
63  Patrycja Bosowski                Acceptability Studies on Smart Textiles: An Interdisciplinary 

Cooperation to Understand Users’ Acceptance 
 
64  Priscilla Reiners Chemical Retting of Apocunum Venetum Fibers 
 



65  Long Wu                               Effects of Moulding Conditions and Scanning Positions on 3D Geometric 
Shape of Polyurethane Moulded Bra Cups 

 
66  Romain Bocquet                   Friction Mechanisms of Hairy Fabrics 
 
67  Frank Hermanutz      Cellulosic Fibres with New Properties Based onIonic Liquid Technology 
 
68  Farzaneh Alihosseini Effect of Tanning Agent on Electrospinning of Gelatin Nanofibers and 

Their Stability 
 
69  Michel Tourlonias                 Velvet Simulation by a Tactile Actuator: STIMTAC 
 
70  Marie-Ange Bueno              Compression/Indentation of Velvet Fabrics 
 
71  Ghada Soliman Synthesis of Quaternised Tertiary Amine s-Triazine Reactive Dyes and 
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STATEMENT OF PURPOSE 
The objective of this investigation is to develop a micro 
encapsulation technique for phase change material (PCM) 
such as Polyethylene glycol (PEG) that can be used in the 
development of a wash durable thermo-regulating fabric. 
 
KEY WORDS:  Phase change material, encapsulation, 
PEG 
 
INTRODUCTION 
Wear comfort may be classified into four main categories: 
thermal or thermo physiological comfort, sensorial comfort, 
garment fit, and psychological comfort [1] where the 
thermal factor is the most decisive one affecting the 
comfort level [2]. This investigation is mainly associated 
with thermal comfort, when we are feeling neither too cold 
nor too warm. Fundamental principles of science are now 
being increasingly employed for the manufacturing textile 
product.  One such principle is the “Phase Change” of 
materials, the process of going from one physical state to 
another, i.e. from a solid to a liquid and vice versa. The 
PCM gives off heat as materials change to a solid state and 
absorbs heat as they return to a liquid state [3]. Thermal 
energy storage (TES) is the temporary storage of high or 
low temperature energy for later use. It bridges the time 
gap between the energy requirement and energy use. PCM 
thermal energy storage systems offer such advantages, as a 
small temperature difference between storage and retrieval 
cycles, small unit sizes, and low weight per unit storage 
capacity [4].  
 
APPROACH 
Micro encapsulation of PEG-600 
Microencapsulation is a technique by which solid, liquid, or 
gaseous active ingredients are packaged within a second 
material for the purpose of shielding the active ingredient 
from the surrounding environment. Thus the active 
ingredient is designated as the core material whereas the 
surrounding material forms the shell. Aqueous media and a 
non-aqueous media are important for any encapsulation 
process. In this study a new in-situ polymerization 
technique was used to encapsulate PEG-600.  Since PEG is 
soluble in water, it was difficult to form two different 
phases for the encapsulation process to take place. In this 
research, urea is an aqueous media which is soluble in 
water, and formaldehyde was used as a non-aqueous media. 
To prevent polyethylene glycol from dissolving in water 
and separating it out in the water for encapsulations, 
sodium carbonate was added and heated up to 40oC to 
obtain two layers [5]. To form a good urea-formaldehyde 
resin, a stoichiometric quantity of formaldehyde was added 
to the reaction.    
 
 
 
 
 

 
RESULTS AND DISCUSSION 
The unique nature of this work is in the in-situ 
polymerization in an oil-in-water emulsion with 
encapsulating water-immiscible liquids by the reaction of 
urea with formaldehyde at acidic pH. The  
synthesis of urea-formaldehyde polymer takes place in two 
stages. In the first stage, urea is hydroxymethylolated by 
the addition of formaldehyde to the amino group of urea. 
This reaction is actually a series of reactions that lead to the 
formation of  monomethylolurea, dimethylolurea, and 
trimethylolurea as illustrated in Figure 1. 
 

   
 
Figure 1. First Stage Reaction Schematic 
 
The second stage of the urea-formaldehyde resin synthesis 
consists of the condensation of the methylolurea to low 
molecular weight polymers. The increase in the molecular 
weight under acidic conditions to produce higher molecular 
weight oligomers and polymers is a combination of the 
following reactions: Reaction of methylol and amino 
groups of the reacting molecules leading to methylene 
bridges between amino nitrogen (Fig. 2a); reaction of two 
methylol groups which builds methylene ether linkages 
(Fig. 2b The second stage); splitting out of formaldehyde 
from methylene ether linkages, results in methylene 
linkages and (Fig. 2c); reaction of methylol groups in 
which water and formaldehyde is separated out and 
methylene linkages are obtained(Fig. 2d). The second stage 
reaction schematic is shown in Figure 2. 
  
Both FTIR analysis and DSC studies were conducted to 
confirm the formation of encapsulated PEG. The FTIR 
spectra (Fig. 4) of both pure PEG and Microencapsulated 
PEG exhibited the expected peak at 3211 cm-1, 1650 cm-

1and around 1400 cm-1 that are characteristic absorption 
peaks of-NH, -C=O stretching vibrations as well as –CH 
bending vibration, respectively. The thermogram of the 
heating, cooling, and reheating of the microcapsules of 
PEG were examined as shown in Figure 3. The samples 
were cooled down at -20oC and then heated up to 40oC at a 
rate of 10oC/min. The phase change temperature Tm of the 
microcapsules was found to be around 21oC and was 
similar to that of the pure PEG 600 as determined by the 
analysis of neat PEG. The heat storage capacity of the 
microcapsule was 12.78J/g. When the PCM microcapsules 
are heated, they absorb energy and go from a solid state to 
a liquid state. This phase change produces a temporary 
cooling effect in the clothing layer. If the PCM 
microcapsules are cooled down below the freezing point of 
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PCM material, the material will change back to solid state 
from the liquid state, releasing heat and thus developing a 
temporary warming effect. Near 12oC the recrystallization 
of the PCM material can cause an exothermic reaction, thus 
releasing heat to the fabric bearing the encapsulated PEG. 

                                       
 
 
Figure 2. Second stage reaction of the urea formaldehyde.                                                      
 
SEM study of the microcapsules 
The average diameter of the microcapsules was 30 µm as 
determined by Scanning Electronic Microscopy (SEM). 
These microcapsules were very small and were easy to coat 
onto the fabric surface. They appeared as round, spherical 
with smooth morphology when examined in the SEM 
micrograph as illustrated in Figure 4. 
 

                                       

 
Figures 4 and 5. SEM images of microcapsules. 
 
CONCLUSION 
The PEG-600 was successfully microencapsulated. FTIR 
analysis was performed to confirm the presence of PEG 
inside the microcapsules which was further supported by 
the DSC analysis where the observed melting peak of the 
encapsulated particles coincided with the melting 
temperature of the PEG-600. Further studies with higher 
molecular weight PEGs are necessary because of their 

different melting temperature and different enthalpy 
required for melting can be tailored to the specific end use. 
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Figure 3. DSC thermogram of microencapsulated PEG-600 
Polymerization forming higher molecular weight oligomers 
and polymers. 
 
 

 
Figure 4. FTIR Spectra of both microencapsulated and neat 
PEG. 
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RATIONALE

Biomimesis is the study of biological materials as 
found in nature to aid in the design new synthetic 
materials. One of the biological materials commonly 
studied is spider silk, in particular, the dragline silk of
Nephila clavipes, also known as the “Golden orb-
weaver” due to the yellowish color of its orb web, or 
“Banana spider” due to the alternation of gold and 
black color on its legs. 

In the past few years, many studies have focused on
the chemical composition, structure and properties of 
spider silk. Nonetheless, the surface structure and 
composition of these silks has not been extensively 
studied. Our research aims to rectify this situation, and 
this paper is on a study of the surface morphology 
(roughness) of N. clavipes spider dragline silk. 

INTRODUCTION

Spider dragline silk is a cylindrical thread about 3 to 
5µm in diameter. [1]. The surface is generally smooth, 
especially as compared with wool. At a fine scale 
some roughness is evident. Some results have shown
that the spider silk surface exhibits a fibrillar structure 
oriented along the fiber axis. [2] 

An individual silk filament is composed of 3 layers: 
an outer layer rich in glycine, a skin layer and a core. 
Sometimes there is a lipid/glycoprotein layer as a very 
outermost layer that can be removed by ether 
extraction. The core is composed of many thread-like 
structures (fibrils) which are about 100 to 150nm in 
size and that are lined up along the fiber axis [3]. 
Inside these fibrils, several crystallite domains are 
attached together via an amorphous domain [4] 
(Figure 2).
Chemical Composition.

Spider silk is mainly composed of linear proteins; that 
is, polymer chains comprised of amino acids linked 
together by peptide bonds between carboxyl (COOH) 
and amino (NH2) groups. In silk, these proteins are 
diblock copolymers, commonly called spidroins. The 
two main proteins found in dragline silk are major 
ampullate spidroin 1 (MaSp1) and major ampullate 
spidroin 2 (MaSp2). MaSp1 is a protein consisting of 
747 amino acids and is made of 25 motifs repeats. In 
each motif repeat there is a polyalanine block and a 
glycine-rich region. The glycine-rich region is made 
of GGX motifs, with G standing for the amino acid 
glycine and X another amino acid (glutamine/glutamic 
acid, tyrosine, serine, leucine) [5, 6]. MaSp2 consists

of 627 amino acids with 15 motif repeats. Each 
motif repeat is made of polyalanine block  and a 
glycine-rich region as in MaSp1, but in MaSp2 the 
glycine-rich part is built of GPGXX motifs, with P 
standing for proline.  Repeated GPGXX motifs have 
a spiral organization that is thought to be responsible 
for the elasticity of the spider silk [3]. Polyalanine 
blocks are organized in dense crystallites. They have 
a β-sheet configuration (meaning that polypeptide 
chains are in their extended conformation and are 
linked to their neighbors by hydrogen bonds) and 
these β-sheet nanocrystals are antiparallel [7]. The 
amorphous matrix separating polyalanine blocks is a 
glycine-rich region.

MATERIALS AND METHODS

Sample Preparation

The dragline silk from N. clavipes was collected 
with the use of a take-up reel on a spool. The spider 
was sedated by cooling for 1 hour; she was then put 
rapidly onto a Styrofoam block, and attached with 
curved staples around her legs and body. Once 
secured, she was put under a microscope and forceps 
were brought into proximity of the MA spinnerets to 
extract the silk. The end of the silk fiber was put 
onto a motor-driven spool and reeled at speeds of 
0.72, 2.16, 45.7 and 65.1mm.s-1. Each spider silk 
sample was stored on the collection spool in a closed 
plastic pill bottle, in a dark cabinet under ambient
room conditions. Individual silk filaments were 
secured on a microscope slide using adhesive.
Multiple glue points were applied at intervals along 
the silk to keep the fiber position stable in the AFM.
Atomic Force Microscope  
The atomic force microscope (AFM) enables the 
study of surfaces at a nanometer scale by measuring
forces between a sharp tip and the surface under 
study. In our work, a Veeco Dimension 3000 was 
used. The cantilevers were of non-conductive silicon 
nitride with gold and chrome coating on the front- 

Figure 2. (Left) Microscopic representation of dragline 
silk fiber; (Right) Large crystalline domain (black arrow) 
and small crystalline domain (red arrow) connected 
together via an amorphous domain [1].
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and back-side having spring constant of 0.12N/m and
a resonant frequency between 14 and 26 Hz. The 
radius of the tip was about 50nm. The AFM was used 
in contact mode in a fluid environment (0.01M of 
Phosphate Buffer Saline) for every experiment. 
Images are taken with 512 data points per line over 
512 lines. The scan area was 1µm x 1µm or 2µm x 
2µm.  

Because we employed the AFM in contact mode, we 
included a study to determine the possible impact of 
“scraping” the surface. The tip was located on a spot, 
and 5 images of this same spot (without retracting the 
tip) were taken, with a scan size of 1µm x 1µm; the 
same experiment was done with a scan of 2µm x 2µm, 
still without retracting the tip. By scanning the surface 
5 times in a row, we were able to see if the image 
changes and also if the roughness changes. By 
scanning the same area but on a bigger scale, we were
able to see if we can match the small scanned area into 
the bigger one; also, we will be able to see if enlarging 
the size of the scan causes an increase in roughness. 
The surface of silks obtained at different reeling 
speeds was studied by taking 21 images of each 
sample. The size of the scanned surfaces is 2µm x 
2µm with a resolution of 512x512 for each image 
taken. 
Roughness Calculation

The images captured with the AFM are filtered with a
flattening process to remove image artifacts caused by 
tilt or bow. A single polynomial fit for the entire 
image is calculated and subtracted from the image. In 
our case, a 2nd order fit was applied to the entire image 
(in the X and Y directions) in order to remove the arch 
shaped bow due to the fiber curvature. After the 
flattening process, the mean roughness value Ra for
each set of data was calculated, calculated as:

 

Ra = (1/n) | Zi − Zcp |
i=1

n
∑   (1)

where Zcp is the Z value of the center plane, and N is 
the number of points in the image. 

RESULTS AND DISCUSSION

Scrape Checking

The change in roughness as we re-scaned the same 
spot is shown in Figure 3. The blue diamonds 
represent the roughness with a scan area of 1µm x 
1µm, and the red squares represent the roughness with 
a scan area of 2µm x 2µm. The larger area resulted in 
a larger value of “Ra” roughness. Also an increase in 
roughness with scan number was found when 
scanning the 1µm x 1µm area, and a decrease with 
scan number was found when scanning the 2µm x 
2µm area.

Reeling Speed

The roughness values of the silks taken at the three 
lowest speeds were essentially unchanged; at the 
highest speed, there was a possible increase (Table 
I). However, since the standard deviation of the 
roughness data for each fiber was so large, we 
cannot at present confirm that reeling speed has a 
marked influence on surface roughness.

KEYWORDS
Spider silk, AFM, roughness
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Figure 3. Roughness differences when scanning a 
fixed  spot with a scan area of 1µm x 1µm (blue 
diamonds) and scanning the same area with a scan 
size of 2µm x 2µm (red squares).

Table I. Data for the surface roughness of N. clavipes spider silk 
obtained for 4 different collection speeds.
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ABSTRACT  
This paper presents the application of shear thickening 
fluid (STF) to improve the impact resistance performance 
of Kevlar woven fabrics. An analysis of the energy 
absorption modes during impact has also been presented. 
The influence of STF concentration (w/w) and padding 
pressure on impact energy absorption by Kevlar fabrics 
has been investigated. Low velocity ballistic test has also 
been conducted on some STF treated Kevlar fabrics. The 
modes of impact energy absorption were found to be 
significantly different for the untreated and STF treated 
Kevlar fabrics.   
 
INTRODUCTION 
Shear thickening phenomenon is defined by sudden rise in 
viscosity of a fluid beyond a critical shear rate. In recent 
years, efforts have been made to improve the impact 
performance of the body armor materials with the 
application of shear thickening fluid (STF). STF treated 
Kevlar fabrics show higher impact resistance due to better 
impact energy dissipation during impact [1, 2]. Although 
substantial researches have been done to improve the 
performance of Kevlar fabrics as body armour materials 
[3-5], no information is available about the role of process 
parameters on impact resistance performance of STF 
treated Kevlar fabrics. Therefore, in this work, Kevlar 
fabrics were treated with the varying concentration of 
STF (w/w) at different padding (squeezing) pressures (0.5 
bar, 1 bar and 2 bar) to study the effect of these factors on 
the impact resistance performance of STF treated Kevlar 
fabrics.   
 
APPROCH 
Two types of Kevlar fabrics (200 g/m2 and 465 g/m2) 
have been used in this research. STF was prepared by 
dispersing silica nano-particles (100 nm) in PEG with 
varying amount of silica loading (50%, 60% and 70% 
w/w). Ethanol was added with the STF at a fixed ratio 
(STF: ethanol =1:4 v/v). A high speed homogenizer at 
17,800 r.p.m. was used to make the dispersion. Kevlar 
fabrics were padded with the STF at different padding 
pressures of 0.5, 1 and 2 bar.  
 
RESULTS AND DISCUSSION 
 
Low Velocity Impact and Ballistic Test Results 
To observe the effect of STF concentration and padding 
pressure on the performance of STF treated Kevlar 
fabrics, quasi-static yarn pull-out test, dynamic impact 

test and low velocity ballistic test have been done. It was 
observed that yarn pull-out force increases with the 
reduction of padding pressure and increase in STF 
concentration. It can be attributed to higher add-on% of 
STF on Kevlar fabrics which enhances the friction 
between the yarns and thereby produces higher yarn pull-
out force.  
 
In case of dynamic impact test and low velocity ballistic 
test, it was found that the absorbed impact energy 
increases with the increase in padding pressure and with 
the increase of STF concentration. Therefore, the effect of 
padding pressure was found to be different for yarn pull-
out force and for impact energy absorption. Higher 
padding pressure tends to reduce the STF add-on % hence 
yarn pull-out force. However, higher padding pressure 
improves the impact energy absorption. SEM images 
confirmed that higher padding pressure increases the 
penetration of STF within the yarn structure and thereby 
results in better distribution of STF. Therefore, better 
impact performance is attained. Similar results were 
observed in case of low velocity (160 m/s) ballistic test 
also. 
 
To analyze the differences in impact energy absorption 
modes, energy/force vs. time plots were generated from 
the dynamic impact test results. For the analysis purpose, 
each graph was divided into 3 zones according to the 
build-up of force and energy against time. These zones 
are named as elastic zone (zone 1), slippage/ breakage 
zone (zone 2) and failure zone (zone 3). It is assumed that 
in the elastic zone either the entire fabric or the load 
bearing yarns (engaged by the impactor) extend under the 
impacting force. This extension of the structure/yarns 
builds up force and absorbs the impact energy.  
 
Figures 1 and 2 show the energy absorption behavior of 
200 GSM untreated and STF treated fabrics, respectively. 
It is observed that zone 1 is almost similar in both the 
cases although the time span and energy absorption values 
are different. In untreated fabric, elastic zone is extended 
up to ~2.2 ms time building up 1100 N load and 
absorbing approximately 5.5 J energy. However, for 
treated fabric the time in the elastic zone extends up to 
~3.9 ms building up approximately 3000 N force with 
absorption of 29 J energy.  
 



 
Figure 1: Impact energy vs time plot for untreated Kevlar 
fabrics 
 

 
Figure 2: Impact energy vs time plot for STF treated 
Kevlar fabrics 
 
The 2nd zone is also wider for the treated fabric as 
compared to the untreated fabric. The 2nd zone is 
characterized by fluctuating forces and it is more evident 
in the untreated fabric (Figure 1). These fluctuations are 
probably caused by slippage/breakage of load bearing 
yarns. As during the slippage or breakage, force cannot 
increase at a uniform rate, the force curve becomes 
fluctuating (noisy). In untreated fabric, this zone does not 
lead to any additional buildup of force. However, in 
treated fabric, force keeps on increasing and there is 
substantial gain in force as well as energy absorbed by the 
end of the 2nd zone. In untreated fabric peak force occurs 
in 2.6 ms time (~1200 N) while in treated fabric this time 
increases up to 5.2 ms (~4000 N) which signifies that the 
entire STF treated fabric structure shares the energy as an 
integral structure. In the first two zones, untreated fabric 
absorbs only about 40% (~10 J) energy of total energy 
while it is almost 80% (~58 J) for the treated fabric. This 
means that at the time of failure, untreated fabric has 
actually absorbed very small energy as compared to the 
treated fabric.  
 
Zone 3 is characterized by drop in force which means 
failure of the structure. In untreated fabric, the drop is 
gradual (wider zone) which means some yarns are still 
being pulled out by the impactor which causes some 

resistance as well as energy absorption. However, 
absorption of energy in 3rd zone is inconsequential as the 
structure has already been deformed or penetrated by the 
impactor. In case of treated fabric, however, this drop is 
sudden (narrow zone) which implies catastrophic failure 
of the structure. This was again supported by the visual 
examination of tested fabrics. The untreated fabric 
showed big loops of yarns formed by the slippage of a 
few primary yarns at the centre, while rest of the fabric 
(secondary yarns) remained almost undisturbed. This 
implies the inability of the untreated Kevlar fabric in 
engaging secondary yarns in energy sharing during 
impact. As fewer yarns participate in response to the 
impact, impact energy absorption is lower. While in 
treated fabrics, the loops are small and most of the 
filaments of primary yarns are broken.  
 
 
CONCLUSIONS 
The influence of STF concentration and padding pressure 
on add-on %, yarn pull out force and dynamic impact 
energy absorption has been investigated. Higher padding 
pressure reduces the STF add-on %, but increases the 
impact energy absorption. Low velocity ballistic test 
results shows good agreement with the dynamic impact 
test results obtained at the laboratory level. The analysis 
of impact energy absorption modes revealed that the STF 
treated Kevlar fabrics resist the impacting force for a 
longer duration by engaging more secondary yarns. In the 
untreated fabric, failure is dominated by the yarn pull-out 
whereas for the treated fabric it is dominated by fibre and 
yarn rupture. 
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OBJECTIVE 
The objectives of this research were to improve the 
quality and production process of UHMWPE (Ultra 
high molecular weight polyethylene) fibre 
economically and to make the process more 
environment friendly.  
 
INTRODUCTION 
Ultra high molecular weight polyethylene is one of 
the strongest fibres commercially available e.g. 
Spectra (Honeywell) and Dyneema (DSM). It is 
about 15 times stronger than steel and 40% stronger 
then aramid fibres on a weight to weight basis. 
Resistance to UV radiation and chemicals of 
UHMWPE is superior to aramids, PBO 
(Polyphenylene Benzobisoxazole) and LCP (Liquid 
Crystal Polymer) [1]. 
 The superior chemical and physical properties of 
UHMWPE over the other high performance fibres 
made it popular in diverse applications requiring 
high strength with chemical resistance. Its 
application includes fishing ropes, bulletproof 
armours, load carrying ropes and protective gloves. 
UHMWPE has very high viscosity thus 
conventional methods of fibre extrusion cannot be 
applied to UHMWPE. To produce fibre, the 
UHMWPE is dissolved in a solution to form a gel, 
which is extruded to from fibres, followed by the 
drawing and removal of solution. Solutions  utilize 
to from gels  include Paraffin, Decalin, Dodecane 
and kerosene, which are not envoiroment friendly. 
It is not only the solutions used to form the gel 
which are causes of concern. In the second stage 
when these solutions need to be removed from the 
fibre after drawing, more chemical solvents are 
used which include Diethyl ether, n-pentane , 
methylen chloride, trichlorotrifluoroethane 
(TCTFE), n-hexane, dioxane, and toluene. Use of 
such chemicals make the process not only 
expensive but also causes environmental concerns. 
This research focuses on finding an environmental 
friendly natural solution to replace these chemicals 
and to reduce the cost by amending the process. 
 
EXPERIMENTAL 
Different natural oils were used to from the gel that 
include vegetable oil, sunflower oil, corn oil, 
mustard oil and orange oil (terpene).  
In the experiment first a 5% solution of oil was 
prepared. 1% 2,3-ditert-butyl-4-methylphenol 
(Ionol) was added to avoid oxidation. The solution  

 
 
was heated to 130oC with constant stirring. All the 
oils used in the experiments failed to produce a gel 
of UHMWPE, rather they produced a clot except 
terpene. Terpene was selected to carry out further 
experiments. 5% solution of UHMWPE with 1% 
Ionol was heated to 130oC with constant stirring. 
On the emergence of Wesissenberg effect, the gel 
was manually stirred for one and a half hours. The 
gel was then left overnight to cool. The gel was 
then chopped into small chips. Chips were spread 
over the tissue paper and left overnight to remove 
excess oil. The dried chips were fed in to a ram 
extruder to extrude the monofilament yarn. The 
extrudate was passed through the water as it 
emerges from the die and wound over a bobbin. 
The filament was left to dry at room temperature. 
In order to improve the alignment of the polymer 
chains in the gel, gel was prepared in an ultrasonic 
bath. 5% solution of UHMWPE was prepared with 
1% 2,3-ditert-butyl-4-methylphenol and heated to 
130oC for 1 hour in a oil bath then left in the 
ultrasonic bath which contains paraffin oil at 130oC. 
The temperature of the ultrasonic bath was 
maintained by a submersible heater with 
temperature control. The solution was left in the 
ultrasonic bath for 30 min. The gel prepared in the 
ultrasonic bath was cooled to room temperature and 
samples were taken to compare the structure of gel 
prepared in the ultrasonic bath to the gel produced  
without ultrasonic treatment. The gel prepared in 
the ultrasonic bath was extruded on a ram extruder 
keeping the direction of the polymer chain parallel 
to the die axis.  
 
RESULTS AND DISCUSSION 
UHMWPE gel showed reduction in melting 
temperature, as shown in the Fig 2. This could be 
due to oxidation of the UHMWPE or due to 
imperfection in the crystal of polymers caused by 
the gel formation process. The melting point of the 
UHMWPE powder is 140oC while in Fig2 the 
melting occurred at 107oC. The second peak at 
170oC in Figure 2 suggests the presence of terpene 
oil which has a boiling point of 170oC. 
Figure 3 shows the DSC curve of the fibre produced 
from the untreated gel. Here a small peak appears at 
55oC, probably due to the decrease in the 
crystalinity of a small number of polymers. The 
second larger peak represents the melting point of 
the fibre which is increased from 107oC in gel form 
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to 134oC in fibre form. This suggests an increase in 
the crystallinity of the polymer during the extrusion 
process. The DSC chart of as-spun fibre does not 
contain a second peak which shows the complete 
removal of the solution from the fibre during the 
extrusion process followed by the drying process. 

Fig 
1: DSC curve of UHMWPE powder

Fig 
2: DSC curve of the UHMWPE gel 
 
Fig 4 shows the DSC curve of the ultrasonic treated 
gel fibre. The melting point of the treated fibre and 
untreated fibre is same but the first peak at lower 
temperature is absent which is probably due to the 
increase in crystallinity of the polymer in the 
ultrasonic treatment. Fig 5 shows the SEM of the 
untreated UHMWPE gel where the polymers are 
randomly entangled while Fig 6 shows the 
ultrasonic treated UHMWPE gel where the 
polymers appear more aligned. This alignment of 
polymers due to the ultrasonic treatment is probably 
the cause of the absence of first peak in the treated 
fibre. 

Fig 
3: DSC curve of Gel as spun fibres 
 
CONCLUSION 
Orange terpene could be used as a natural 
replacement of petrochemicals to produce the 
UHMWPE fibre. This process is not only 
environmentally friendly but it also eliminates the 
solvents recovery process which requires more 
chemicals to remove solvent from the fibre. 

Fig 
4: DSC curve of Ultrasonic treated as-spun fibre 
 

 
Fig 5: SEM image of untreated UHMWPE gel 
 

 
Fig 6: SEM image of ultrasonic treated UHMWPE 
gel 
 
The elimination of the solvent recovery process can 
help in reducing the cost of the process.  
The use of ultrasonic treatment can improve the 
alignment of the polymers, which probably will 
result in the increased strength of the yarn.   
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ABSTRACT  
Microcapsules of melamine-formaldehyde (single shell) 
and melamine-formaldehyde/urea-formaldehyde (double 
shell) containing fragrance were prepared and analyzed 
using scanning electron microscope (SEM) and Fourier 
transform infrared spectrometer (FT-IR). SEM images 
showed different shapes of single shell microcapsules 
when varied concentrations of poly(vinyl alcohol) were 
used. Sizes of double-shell microcapsules were 
approximately five times larger than those of single shell. 
Characterization using Fourier transform infrared 
spectrophotometer (FT-IR) gave information of fragrance 
encapsulation and capacity which were indicated by the 
peaks at 1674 cm-1 in IR spectra.  
 
INTRODUCTION 
Microencapsulation of active ingredients has been 
currently used to establish functional products. 
Microcapsules containing fragrance has been adopted to 
produce sensational-durable materials and used in a wide 
range of consumer products. Stabilization and protection 
of the core ingredients using polymer shell are its 
benefits. Porous shells also provide the ingredient 
delivery and long-term release. To improve release time 
and capacity of fragrance, microcapsules of different shell 
numbers was developed in this investigation. 
Morphologies and chemical structures of the 
microcapsules were analyzed using SEM and FT-IR, 
respectively.  
 
APPROACH 
Urea-formaldehyde microcapsules were firstly prepared 
from urea and formaldehyde solution containing 
resorcinol and ammonium chloride. To prepare double-
shell microcapsules, urea-formaldehyde microcapsules 
were added into an emulsion of fragrance in sodium 
dodecyl sulphate solution. The resultant emulsion was 
subsequently added into melamine and formaldehyde 
solution. Interfacial polymerization of melamine and 
formaldehyde were performed at 70 °C at a pH of 4. The 
obtained double-shell microcapsules; urea-
formaldehyde/melamine-formaldehyde were filtered, and 
dried prior to being analyses. For single-shell 
microcapsules; melamine-formaldehyde, polymer shell 
was performed by interfacial polymerization of melamine 
and formaldehyde in the last stage. 
Functional groups of fragrance and two types of 
microcapsules were obtained with a FT-IR 
spectrophotometer (Perkin-Elmer) over 400–4000 cm-1. 

Surface morphology of the microcapsules was examined 
by a scanning electron microscope (Jeol). 
 
RESULTS AND DISCUSSION 
Single-shell melamine-formaldehyde microcapsules 
containing fragrance which were prepared from varied 
amount of SDS gave different sizes and shapes as seen in 
Figure 1. When 2–5 %w/v SDS was used, spherical 
microcapsules were received (Figure 1(a) – (c), 
respectively) while 6 %w/v SDS provided rod-shape 
microcapsules (Figure 1(d)). The results attribute to effect 
of concentration of SDS on shape of micelles which was 
sphere when low concentration was used, but rod micelles 
were formed at high concentration of SDS.  
 

  
(a)                                      (b) 

  
         (c)                                        (d) 
Figure 1 Melamine-formaldehyde loaded with 15 ml of 
fragrance, and (a) 2 %w/v SDS (b) 4 %%w/v SDS (c) 5 % 
w/v SDS and (d) 6 %w/v SDS. 
 
SEM images of urea-formaldehyde; single shell 
microcapsules and urea-formaldehyde/melamine-
formaldehyde; double-shell microcapsules are present in 
Figure 2. Shape of urea-formaldehyde microcapsules is 
sphere, and its sizes are approximately 5 µm. Being 
double-shell, urea-formaldehyde/melamine-formaldehyde 
microcapsules are in the same size of urea-formaldehyde 
microcapsules. However, coalescence of the 
microcapsules is observed when 35 and 40 ml of 
fragrance were used. That would cause by loss of 
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emulsifying power of SDS when high amount of 
fragrance was used.  
 

     
(a) (b) 

   
                         (c)                                      (d) 

   
                         (e)                                      (f) 
   
Figure 2 (a) Urea-formaldehyde loaded with 5 ml of 
fragrance (b) Urea-formaldehyde/melamine-formaldehyde 
prepared from 5 ml (c) 15 ml (d) 25 ml (e) 35 ml and (f) 
40 ml of fragrance. 
 
FT-IR spectrum of fragrance is shown in Figure 3. Strong 
absorption bands are observed at 1670 and 1085 cm-1 
which correspond to C=O stretching and C-O stretching, 
respectively. The same peaks are found in spectra of 
single-shell and double-shell microcapsules which are 
shown in Figure 4(a) and (b). The shift of this band from 
1670 cm-1 to 1674 cm-1 demonstrates encapsulation of 
fragrance in both types of microcapsules. Moreover, high 
intensity of this band in spectrum of double-shell 
microcapsules indicates high capacity of fragrance. 
 
CONCLUSIONS 
Single-shell and double-shell microcapsules containing 
fragrance were successfully prepared. SDS effected to 
shape of single-shell melamine-formaldehyde 
microcapsules. High SDS concentration of 6% w/v 
yielded rod shape of the microcapsules.  Size of double-
shell microcapsules was approximately five times larger 
than that of single-shell. Encapsulation of fragrance was 
indicated by the presence of C=O stretching at 1674 cm-1 

in FT-IR spectra of both types of microcapsules. Double-
shell microcapsules showed greater capacity of fragrance 
as high intensity of C=O peak appeared in its spectra. 
 

 
Figure 3 FT-IR spectrum of fragrance. 

 
Figure 4 FT-IR spectra of (a) single-shell (b) double-shell 
microcapsules loaded with 25 ml of fragrance. 
 
FUTURE WORK 
Amount of fragrance containing in both types micro-
capsules will be determined using thermogravimetric 
analysis. 
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INTRODUCTION 
Polypyrrole is one of the very promising electro-
conductive polymers that have received considerable 
interest due to its high conductivity, environmental 
stability, and easy preparation. There are several 
polymerization techniques available for preparation of 
polypyrrole and electrochemical polymerization is one 
among them. As reported, electrochemical polymerization 
of pyrrole starts with electron transfer followed by a 
succession of electron transfer reactions and chemical 
reactions [1-3]. This process is characterized in terms of 
yield of polymer and conversion of monomer to polymer. 
As known, the former indicates the production of the 
process and the latter characterises the efficiency of the 
reaction. The current research work is an attempt to study 
the dynamics of electrochemical polymerization of 
pyrrole. The effect of distance between electrodes on 
yield, conversion, system current, and electro-
conductivity of polypyrrole was examined. 
 
MATERIALS AND METHODS 
The chemicals used were pyrrole (Spectrochem, India) 
and p-toluene sulphonic acid (Lobal Chemie, India). 
These chemicals were of laboratory grade and used as 
received.  
The electrochemical polymerization was carried out in a 
potentiostat using a regulated DC power supply. The 
electrolyte solution was prepared in aqueous media with 
monomer (pyrrole) of 0.3 M concentration and p-toluene 
sulphonic acid (dopant) of 0.05 M concentration. The 
polymerization was carried out at a fixed voltage of 2.0 V, 
temperature of 20°C, and time of 15 minutes. The 
electrodes were made up of stainless steel. The polymer 
film was found to be deposited at the anode surface. The 
yield and conversion (%) was determined based on the 
polymer deposited on the electrode. There were two sets 
of experiments carried out to examine the effect of 
distance between electrodes on the dynamics of 
electrochemical polymerization of pyrrole. In one set, five 
electrochemical cells of different lengths but identical 
width and height were taken and polymerization was 
carried out under identical process conditions including 
the size of the electrodes. The other set of experiments 
was carried out in the largest electrochemical cell but 
varying the distances between the electrodes.  
The electro-conductive polyester fabric (soaked initially 
in 1 M solution of FeCl3 for 15min, and dried) was 
prepared by fixing it on the surface of the anode. The add-
on was calculated as the weight of polypyrrole added per 
square meter of the fabric after it was thoroughly washed 
and dried. The surface resistivity of the fabric was 
determined by concentric ring electrode configurations 
with 10-mm outer radius of the inner ring electrode and 

25-mm inner radius of the outer ring electrode as per the 
testing procedure described in ASTM standard D-257. 
 
RESULTS AND DISCUSSION 
The effect of distance between electrodes on the yield of 
polypyrrole is displayed in Figure 1. It can be observed 
that as the distance between electrodes was reduced the 
yield of polymer was increased in a non-linear manner. 
This was true regardless of whether the electrochemical 
polymerizations were carried out in a bigger 
electrochemical cell keeping the electrodes at difference 
distances or in different electrochemical cells of different 
lengths. The increase in yield with the decrease in 
distance between electrodes may occur due to the natural 
consequence of the fact that the ions were required to 
travel less distance. This indicates that the volume of the 
monomer solution between the electrodes plays a major 
role in polymerization than that outside these. 
Figure 2 depicts the effect of distance between electrodes 

on the conversion of polypyrrole from pyrrole. It can be 
observed that the conversion of polymer was increased as 
the distance between electrodes was reduced and this 
behavior was non-linear. This result indicated that the 
efficiency of charge transfer was much better when the 
distance between electrodes was reduced. Here too, there 
is practically no difference of whether the electrochemical 
polymerizations were carried out in a bigger 
electrochemical cell keeping the electrodes at difference 
distance or different electrochemical cells of different 
length.  
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Figure 1 Plot of yield against distance between electrodes 
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Figure 3 displays the effect of distance between the 
electrodes on the system current. It can be observed that 
as the distance between electrodes was increased the 
current of the system was initially increased slowly and  
then increased rapidly. In order to examine whether the 
system current was in any way related to the yield of the 
polymer, the system current was plotted against the 
polymer yield (Figure 4). It may be observed that as the 
system current increased the yield also increased. Further, 
by using the statistical regression technique, the 
relationship between the system current and yield was 
determined. This relationship was found to be linear with 
a slope of 0.00054 g/mA and the coefficient of 
determination of 0.9938. The relatively high value of the 
coefficient of determination indicates a strong linear 
relationship between the system current and yield. 

The effects of distance between the electrodes on the 
weight add-on and surface resistivity of electro-
conductive fabric are reported in Table I. It may be 
observed that as the distance between electrodes was 

reduced, the weight add-on increased exponentially while 
the surface resistivity decreased exponentially. 
Interestingly, the surface resistivity of the electro-
conductive polyester fabric was found to be as low as 
89.58 Ω in 15 min of reaction only at a distance of 0.5 cm 
between electrodes. It may thus be concluded that the 
smaller is the distance between the electrodes, the higher 
is the efficiency of electro chemical polymerization. 

CONCLUSION 
In this work, the effect of distance between the electrodes 
on the effectiveness of electrochemical polymerization 
has been studied. Both the yield and conversion were 
found to increase non-linearly with the decrease in 
distance between electrodes. This has been related to the 
corresponding increase in the system current.  The system 
current has been found to follow a linear relationship with 
the polymer yield. Higher system current at short 
electrode distance also results in very low resistivity of 
the treated polyester fabric. 
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Figure 4 Plot of yield against system current 
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Figure 3 Plot of system current against distance between 
electrode 

 

 

Table I Effect of distance between the electrodes on add-
on and surface resistivity of electro-conductive fabrics 

 
Distance 

(cm) 
Same cell 

Add-on 
(g/m2) 

Resistivity 
(Ohm) 

5.50 1.94 794658.68 
3.50 4.44 9095.57 
2.00 9.17 180.46 
0.50 13.33 89.58 
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Figure 2 Plot of conversion against distance between 
electrodes 
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INTRODUCTION 
Garment fit and pressure comfort, in other words, the 
freedom of skin freedom from pressures and restrictions 
of movement, plays an important role in sportswear 
design [1,2]. Garment pressure, which is one of the 
reasons of  discomfort, is closely related to the space 
allowance between the body and the garment during the 
body movement [3,4]. Meanwhile, it is also related to 
body shape, mechanical properties of the fabric and the 
pattern of garment [1,5]. Hence during the design of high 
performance sportswear, the pressure and tension should 
be seriously considered.  
 
Different from other daily used garments, the active 
sportswear is stretched more during heavy exercises, and 
the tensile force will get higher simultaneously though the 
sportswear is designed with space allowance. To measure 
the pressure of garments, several types of pressure sensors 
can be used [6,7]. However, these sensors are expensive 
and only suitable for garments next to human skin. There 
are few effective methods or tools to measure the tension 
of sportswear.  
 
In this paper, a novel and simple nonelastic string method 
was introduced to measure the tensile force of badminton 
sportswear during two main actions.  
 
APPROACH 
Nonelastic string method  
A thin nonelastic smooth string was threaded through the 
test area of the garment at regular intervals. Marked the 
length before and after doing the action with different 
colors, then measured the displacement and record the 
extension of the fabric. Measure the stress-strain curve of 
the test area of the garment by an INSTRON. According 
to the recorded extension, the force was found from the 
stress-strain curve. 
 
Experiment 
Three male badminton player were selected as subjects. 
They are aged 20-23 with a similar body constitution, 
with a height around 175cm and weight from 65 to 70 kg. 
Five commercially available badminton wears were 
selected. Five test locations were investigated during 
‘forehand smash’ and ‘meet-drop’ respectively. The basic 
description of the test areas are shown in Table I. 
 
 

 
 
The subjects wear the threaded garment standing naturally 
and marked the original location at the test area. Each 
action should be repeated three times. Then the subject 
should keep the action one or two seconds for marking. 
After experiment, the force was found by the stress-strain 
curve. 
 

Table 1. The description of the test locations 

Action No. of test 
location 

Illustration of the actions 
and test locations 

Meet-Drop 

A 

 

B 

Forehand 
Smash 

C 

 

D 

E 

 
RESULTS AND DISCUSSION  
Figure 1 shows the tensile force of five badminton wear at 
location A and B during ‘meet-drop’. It was found that 
the force of most garments are higher at location A. It 
means that the deformation from left waist to right 
shoulder is bigger than from across-back point to right 
shoulder. 
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Figure 1. Tensile force of meet drop action

Figure 2. Tensile force of forehand smash action

Figure 2 illustrates the tensile force at three location 
during do forehand smash. The location D and E 
presented higher force, especially location E shown the 
highest force in the tested locations. It means that the 
fabric under the arm is prone to cause tensile force and 
the underarm sleeves are more serious. 

Base on the above results, pattern designers should pay
more attention on the underarm area. The skin of this area 
also have a large elongation from arms downward to 

upward. Hence underarm area may need more space and 
elasticity for meeting the requirement of movement. 
Meanwhile, The back of sportswear is the other area that 
needs to be considered about the deformation and 
elongation. Keeping garments balanced during heavy 
exercise is a key point for sportswear design.
  
CONCLUSIONS

In conclusion, the nonelastic string method, as a novel 
method for the measurement of the fabric tensile force, is 
easy to operate and has less influence on the garment.
This research has demonstrated that large tensile force
under the arm during ‘forehand smash’. From left west to 
right should point through back also present relatively 
more stretch during ‘meet-drop’. Thus, the badminton 
sportswear design should focus on reducing the 
underarms and back tensile stress and keeping garment 
balance.
  
KEYWORDS

Badminton sportswear, tensile force, measurement, smash, 
drop
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INTRODUCTION 
Chemical protective clothing (CPC) is designed to 
prevent damage to the body and fatalities from the 
effects of chemical and biological substances. 
Provision of bulk and use of enclosure are two 
common ways to isolate humans from hazardous 
substances [1]. Typically, the clothing is made of 
materials that are impermeable to liquid penetration for 
protection of the body from chemical agent poisoning. 
Thus, the clothing imposes a heat load on the wearer 
because the impermeability also restricts sweat from 
evaporating outward [2]. Adams et al [3] mentioned 
that although protective garments are designed to 
enhance worker comfort or safety, they can negatively 
affect worker performance in several ways, including 
heat stress, reduced task efficiency and reduced range-
of-motion. Under certain conditions of high ambient 
temperature and or relative humidity, or with the 
wearing of protective clothing that restricts evaporative 
heat loss, the evaporative heat loss required to maintain 
a thermal steady state can exceed the maximal 
evaporative capacity of the environment, creating a 
condition of uncompensable heat stress [4]. In this 
situation, the workers will suffer from heat injuries. To 
minimize heat stress, it is required to understand the 
material properties and select suitable chemical 
protective clothing to perform the work. There is lack 
of research on thermal comfort of different CPC using 
both bench-scale and thermal manikin methods. 
Thermal manikin testing can account for effects due to 
different garment design, drape of fabric, and air gap. 
 
STATEMENT OF PURPOSE  
The purpose of this research was to understand the 
effect of thermal properties of typical chemical 
protective clothing and design feature on physiological 
burden.  Both the mechanical properties and 
physiological burden associated with wearing these 
protective clothing was studied.  The results will help 
develop high performance material and CPC. 
 
APPPROACH 
Five different CPC, as outlined in Table 1, made from 
different fabric materials providing different levels of 
protection were investigated. The CPC are hooded 
coveralls with a front zipper. S, V and M have identical 
design with elastic at the edges of the hood, wrists, and 
ankles. C and G have more detailed designs including 
pockets on chests, thighs, and upper arms, and Velcro 
at wrists and ankles; fabric G has a belt.  

 
The Kawabata Evaluation System (KES) was used to 
measure fabric mechanical properties. Thermal and 
evaporative resistance of different fabic materials and 
CPC were measured respectively using guarded hot 
plate and thermal manikin. Results obtained at hot 
plate testing and manikin testing were compared with 
reference to fabric physical properties. The 
mechanical and physiological burden were also 
estimated. 
 
Table 1. Description of the fabrics used in this study 

CPC Fabric 
structure 

Material content Thickness 
(mm) at 
50 gf/cm2  

Mass 
(g/m2) 

S Single 
layer 

45% polyethylene, 55% 
polyester 

0.26 55 

V Single 
layer 

100% high density 
polyethylene 

0.18 45 

M Single 
layer 

polyethylene-coated polythene  0.70 257 

C Double 
layer 

Shell: 50/50 nylon/cotton; 
Adsorbent: open cell carbon 
impregnated foam 

2.83 533 

G Double 
layer 

Shell: 50/50 nylon cotton; 
Adsorbent: activated carbon 
woven cloth (pyrolised  
polyacrylonitrile woven fabric) 

1.21 478 

 
RESUTLS AND DISCUSSION 
Mechanical Properties  
The KES testing simulate at low stress with high 
sensitivity, the forces encountered when handling a 
fabric. A multiaxis radar graph, Figure 1, was plotted 
based on tensile linearity (LT), bending rigidity (B),  
shearing stiffness (G), surface roughness (SMD), and 
weight (W). CPC materials with high LT, B, G, SMD, 
and W will be stiff, rigid, rough, and heavy, and 
contribute negatively to the physical comfort of the 
CPC wearer. Fabric M has the largest pentagon in the 
chart; therefore, it is predicted to perform the worst in 
physical comfort. The double layered fabrics C, P, and 
G, have lower overall performance because of poor 
weight and bending properties. The light-weight, 
single layered fabrics S and V are expected to present 
less physical burden on the wearer than the other 
fabrics tested. 
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Figure 1. Overall physical properties of CPC materials. 
 
Heat Transfer Properties 
Dry heat resistance results for fabrics and garments S, 
V, M, C and G are shown in figure 2. Rcf and Rcl are 
respectively the thermal resistance of fabric and 
garment.  Thermal insulation is very much dependent 
on the thickness of the material and less dependent on 
fibre type. The thickest double layered material (C) was 
found to have the highest thermal resistance. For thin 
fabrics S and V, the thermal resistances were even 
lower than the influence of the air layer. During the 
design and engineering of CPC, control of thickness of 
air gap existing between garment and body is very 
important in the consideration of thermal comfort. In 
thermal manikin testing, the Rcl of garment S,V,M are 
very close, because the effect of air gap existed 
between the clothing and skin become dominant. 
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Figure 2: Influence of fabric/garment type on thermal 
resistance. 
 
Moisture Transfer Properties 
Evaporative resistance results for fabrics and garments 
S, V, M, C and G are shown in figure 3. . RefA and 
Recl are respectively the evaporative resistance of 
fabric and garment.  For permeable materials, the pore 
size of fabric and enclosed air layers are critical to the 
transport of water vapour. Coatings and membranes 
can have a major effect on vapour diffusion resistance. 
The water vapor resistance provided by fabric and 

garment exhibits similar trend. Fabric S, thin and 
permeable, shows smaller values. Impermeable 
fabrics V affected by membrane presents higher 
values. Fabric M shows higher evaporative resistance 
due to the impermeable coated materials.  
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Figure 3: Influence of fabric/garment type on 
evaporative resistance. 
 
CONCLUSIONS 
Mechanical and heat stress properties of five CPC 
were studied using bench-scale and thermal manikin. 
The findings suggest differences in physical properties 
reflect differences in the level of physical burdens. 
Garment with smaller Rct and Ret values are 
predicted to perform better than the other samples.  
 
FUTURE WORK 
The results obtained form this study enabled us to 
understand the various factors affecting the thermal 
comfort of common CPC.  Further study includes 
human trial and model development for predicting 
heat stress and comfort. 
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INTRODUCTION 
Moisture transportation within fabrics has great impact on 
the sensation of thermal comfort for the human body. 
Therefore, the design of the base layer of a clothing system 
should include moisture management fabrics with excellent 
performance. The main function of moisture management 
fabrics is to prevent or reduce wet and sticky feelings after 
sweating and to create comfortable microenvironment 
between fabrics and the skin surface for the human body. 
Due to the complicated mechanism of moisture 
transportation, it is very difficult to evaluate the fabrics 
performance on moisture management by a single test. 
Thus, an evaluation system, called 5-MM (moisture 
management) test, including five different tests to assess the 
performance of moisture management fabrics has been 
developed in Taiwan Textile Research Institute (TTRI) 
since 20 years ago. This test had been issued as an 
industrial standard, FTTS-FA-004, in Taiwan since 2003. 
The grading of the testing results was also set in the 
standard to classify the fabrics performance. On the other 
hand, an international standard for the assessment of 
moisture management fabrics, AATCC TM 195, was finally 
issued in 2009 after a long-term development. 
In this study, the 5-MM test was compared with AATCC 
TM 195. Two polyester knitted fabrics were selected and 
assessed by the two evaluation methods. The results 
evaluated by both methods yielded similar trends on fabrics 
performance. The Swiss EMPA sweating torso was also 
adopted to predict thermal comfort of the human body, 
resulting from the torso “skin” temperature and the cooling 
effect of fabrics.  
 
METHODS 
Materials 
Two polyester knitted fabrics were selected for the purpose 
of comparison of different evaluation methods of moisture 
management abilities. (Table I) 
Table I. The materials used for comparison of different 
moisture management evaluation methods.  
N
O 

Fabric 
code 

Fabric 
description Materials Weight

(g/m2) 
Thickne
ss(mm) 

1 MF 
MIT fabric  
(made in Taiwan) 
width : 55/56" 

100% Polyester, 
rib knits in light 
blue  

121 0.78 

2 BU Brand underwear  
width : 55/56" 

100% Polyester, 
rib knits in black 133 0.96 

 
Testing Methods  
1. MMT (Moisture Management Tester) - referring to 

standard AATCC TM 195-2010, Liquid Moisture 
Management Properties of Textile Fabrics. 

1.1 MM test- “Moisture Management Fabric Evaluation 
System” of TTRI, issued as an Industrial standard 
FTTS-FA-004 in Taiwan. Five evaluation methods 
such as diffusion ability, evaporation ability, isolation 
ability, absorbency speed, and wicking height were 
selected to meet different stages of liquid water 
transportation. 

1.2 Diffusion ability is defined as the diffusion area (mm2) 
of a drop of 0.2 ml water in the fabric. 

1.3 Evaporation (or drying) ability is defined as evaluating 
the Remained Water Ratio (RWR, %) of a drop of water 
in the fabric in the evaporating period. The RWR of 40 
min. was chosen for the comparison of the drying ability 
among different fabrics. 

1.4 Isolation ability is a specially designed method for 
evaluating the moisture retained or revealed on the 
inside surface of double layered moisture management 
fabrics. The better the isolation ability (presented as 
Moisture Picking Ratio), the drier the inside of the 
fabrics that keeps the skin feel dry and comfortable. 

1.5 Absorbency speed is tested by AATCC 79-2000 
(Absorbency of Bleached Textiles) and JIS L 1907-1994 
methods. This is a simple and fast method to know if the 
fabric can absorb a drop of water at a very short time or 
not. 

1.6 Wicking height is a relatively traditional method 
showing the capillary ability of a strip of fabric against 
gravity. It is according to JIS L 1907-1994 method. 

1.7 For getting a comprehensive evaluation result from the 

separate tests, an equation was proposed as below. 
Where, 
R: Moisture Management Performance 
DAidx: Diffusion Area Index,  

=Diffusion area*thickness/0.2*10-4 
RWR: Remained Water Ratio 
MPR: Moisture Picking Ratio 

2. Sweating Torso of EMPA, Switzerland: The Torso is a 
cylinder with the same size as a human trunk for 
physiological simulation. To observe the behavior of 
moisture transportation within fabrics, the samples were 
put on the Torso surface and tested during a pre-defined 
workload arranged in 3 phases. During the entire 
measurement, the surface temperature and development 
of the weight were continuously recorded. The climate in 
the chamber was controlled at 20°C, 65% RH, and the 
wind speed of 1 m/s. The tests were divided into an 
acclimatisation phase, a phase of physical activity and a 
recovering phase to simulate a scenario of the exercise of 
a human body.  

510)1()1( −×−×−×= MPRRWRDAidxR
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2.1 Phase 1 (acclimatisation phase) - 60 minutes at a 
constant surface temperature of 35°C (variable heating 
power) without sweating. 

2.2 Phase 2 (activity phase) - 60 minutes with a constant 
heating power of 125 W (corresponding to 500 
W/human) and a sweat rate of 100 g/h (corresponding to 
a human body sweating rate of 0.4 l/h). 

2.3 Phase 3 (recovering phase) - 60 minutes at a constant 
heating power of 25 W (corresponding to 100 
W/human) without sweating. 

 
RESULTS AND DISCUSSION 
The MMT (AATCC 195) results (Table II) showed that the 
material MF- MIT fabric is more hydrophilic than BU- 
Brand underwear. The Wetting Time of MF was much 
shorter than that of BU. MF had better “Max Wetted 
Radius”, “Spreading Speed”, “Accumulative one-way 
transport index”, and “OMMC” values than those of BU, 
while the “Absorption Rate” of BU is higher than that of 
MF.  
Table II. The measurement results by MMT. 

Sample 

Wetting 
Time 

Absorption 
Rate 

Max 
Wetted 
Radius 

Spreading Speed 
Accumu-
lative 
one-way 
transport 
index (%) 

OM 
MC Top 

(sec) 
Bottom 
(sec) 

Top 
(%/sec) 

Bottom 
(%/sec) 

Top 
(mm) 

Bottom 
(mm) 

Top  
(mm/sec) 

Bottom 
(mm/sec) 

MF 3.4 3.8 20.7 26.1 20 20 3.8 3.9 88.6 0.4 
Grade 4 4 2 2 4 4 4 4 2 3 

BU 37.5  43.7  134.8  44.8  8.1  8.1  0.8  0.8  -157.3  0.3  
Grade 2 2 5 3 2 2 1 1 1 2 

 
The 5-MM test revealed that BU fabric was hydrophobic 
even after one wash, thus it showed poor spreading area 
(diffusion ability), drying ability, and the other moisture 
management test items. On the other hand, the MF fabric 
was hydrophilic and showed very good moisture 
management abilities. (Table III) The R values of MF and 
BU fabric were 2.95 and 0.05 individually. In the database 
of moisture management system in TTRI, the R values of 
knitting fabrics were between 5.75 and 0. The MF had very 
good water absorption ability but its drying ability could be 
better.  
Table III. The measurement results by 5-MM test 
developed in Taiwan Textile Research Institute. 

Test Item Sample 
MF Grade BU Grade 

Water diffusion ability (20s, mm2)- 
Ave. diffusion area  1392.6 4 89.6 1 
Water diffusion ability- 
Index of diffusion area in 20 seconds 5.4 4 0.4 1 
Drying ability (%)- 
Remained water ratio at the 40th minute  43.6 2 74.1 1 
Absorbency speed (mm)- 
Wicking height / warp 157.2 5 88.0 3 
Absorbency speed (mm)- 
Wicking height / weft  156.0 5 85.8 3 
Absorbency speed (sec)- 
dropping method 0.3 pass 34.7 fail 
Wet isolation ability (%) 
Moisture Picking Ratio  3.6 4 51.95 1 
 
The Torso measurement revealed that BU fabric was 
thicker and had higher thermal resistance (Rct) than that of 
MF fabric. In water weight difference results, BU showed 
much higher condensation value, 58.6g, compared to 25.7g 
of MF after 1 hour exercise. It means the BU did not absorb 

water and the skin surface remained wet and uncomfortable. 
Actually, a lot of sweat water dripped along the torso 
surface instead of being absorbed into the BU fabric during 
tests. As a result, the BU fabric did not have a cooling 
effect during exercise. (Figure 1)  

Fig 1. Cooling efficiency results of Torso surface 
temperature measured by EMPA sweating Torso.  
 
CONCLUSION 
MMT proceeds a simple and fast test but ten items of the 
results are not consistent all the time, such as “absorption 
rate” in this study. It lacks drying ability evaluation and is 
more suitable for the fabrics with double-layered structure. 
The testing of “hydrophobic” fabrics by MMT should be 
avoided since a misleading explanation may happen. It is 
strongly recommended not to judge the function of a fabric 
only by “Accumulative one-way transport index” or 
“OMMC”.    
On the other hand, the 5-MM test can give more consistent 
results within each other though more steps are needed in 
the testing procedure. A new overall index, Moisture 
Management Performance, is also developed and very well 
discriminatory. 
EMPA sweating Torso is the most advanced instrument, but 
it is more expensive and time-consuming when compared 
with the former two methods. However, it is the best 
simulator of human physiology and it can reveal very useful 
information. With the aid of thermo & humid sensors, it can 
be extended to get more evaluation results. EMPA 
developed a new thermophysiological human simulator 
(THS) these years to receive sophisticate measurements 
close to the real human physiological reaction which is a 
powerful instrument for comfort evaluation. This is also our 
future research work. 
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ABSTRACT  
This study is focused on the air permeability properties of 
tightly woven polyester microfilament fabrics. By increasing 
the pressure drop values on the test device it is aimed to 
observe the air permeability by increasing air speed. For this 
aim, considering an earlier work, plain woven fabric samples 
with 36 wefts/cm and 5 different filament finenesses in weft 
direction were tested at different pressure drop values.  

 
INTRODUCTION 
One of the most important developments in synthetic fiber 
technology is absolutely producing microfilaments which 
have a linear density below 1 dtex. Tightly woven fabrics 
produced from microfilament yarns have a very compact 
structure due to small pore dimensions within the yarns 
between the fibers. These fabrics provide very good 
resistance against wind for different end uses such as 
parachutes, sails, wind-proof clothes, tents while serving 
light weight and high durability properties[1]. Wind 
resistance is usually assessed by measuring air permeability. 
This is the rate of air flow per unit area of fabric at a standard 
pressure difference across the faces of the fabric [2]. Airflow 
through textiles is mainly affected by the pore characteristics 
of fabrics. The pore dimension and distribution in a fabric is 
a function of fabric geometry [3]. So for woven fabrics, 
number of yarns per unit area, yarn linear density, weave 
type, fabric weight and fabric thickness are main fabric 
parameters that effects air permeability [4-7]. The pores of a 
fabric can be classified as pores between the yarns and the 
pores within the yarns between the fibers. The dimensions of 
the pores between the yarns are directly affected by the yarn 
density and yarn thickness. By the increasing of the yarn 
density, the dimensions of the pores become smaller, thus the 
air permeability decreases. The dimensions of pores within 
the yarns between the fibers (micro voids) are generally 
affected by fiber fineness, yarn count, yarn twist and crimp, 
and also the deformation and flattening of the yarns [5]. In 
earlier studies [8,9] performed on the effect of filament 
fineness and weave type on air permeability of polyester 
woven fabrics, it is seen that by decreasing the filament 
fineness air permeability can be reduced. Also, for woven 
fabrics with nearly same degree of cover factor, lower levels 
of air permeability can be reached with weave types which 
have higher number of interlacing. 
 

MATERIAL AND METHODS 
In the first part of this study the effects of filament fineness, 
weft sett and weave type on air permeability of 100% 
polyester microfilament woven fabrics were investigated.  

 

Fabrics were made in three weave types; 1/1 Plain, 2/3 
Twill (Z) and 1/4 Satin. For each weave type four different 
weft set values were applied considering the weaveability 
limitations. For plain 30, 32, 34, 36 wefts/cm, for twill 41, 
43, 45, 47 wefts/cm and for satin 43, 45, 47, 49 wefts/cm 
were determined as proper values. Polyester microfilament 
textured yarns of 110 dtex with 0.33, 0.57 and 0.76 dtex 
filament finenesses and conventional polyester textured 
yarns of 110 dtex with 1.14, 3.05 dtex filament finenesses 
were used as weft. For warp yarn 83 dtex polyester yarn 
with 1.14 dtex filament fineness was used. Warp set was 77 
warps/cm for plain weave types and 85 warps/cm for twill 
and satin weave types. By this way 60 woven fabric samples 
were produced.  

Then fabric samples were conditioned according to ISO 139 
and air permeability of sample fabrics were measured by 
SDL Atlas Digital air permeability test device according to 
TS 391 EN ISO with 20 cm² test head and 200 Pa air 
pressure drop.  

In the second part of the study, 5 plain woven fabric 
samples which have the highest weft sett value (36 
wefts/cm) and produced with 0.33, 0.57, 0.76, 1.14, 3.05 
dtex filament finenesses in weft yarn were tested. In Figure1 
SEM view of plain woven fabric sample which has the 
highest weft sett and lowest filament fineness (0.33 dtex) in 
weft direction is given.  
 
 
 
    
 
 
 
 
 
 
Figure 1.  SEM view of plain woven fabric, 36 wefts/cm, 77 
warps/cm, 1.14 dtex warp yarn filament fineness, 0.33 dtex 
weft yarn filament fineness 

In the second part of the study, fabric samples were 
conditioned according to ISO 139 and air permeability of 
sample fabrics were measured by SDL Atlas Digital air 
permeability test device with 20 cm² test head and at every 
50 Pa until 1000 Pa air pressure drop. 

 
RESULTS AND DISCUSSION 
The results of the first part of this study are given in Figures 
2, 3 and 4. 
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Figure2. Air permeability of plain samples 

 
Figure 3. Air permeability of twill samples 

 
Figure 4. Air permeability of satin samples 

According to the results obtained by the first part of the study 
it is seen that plain woven fabrics which have the highest 
weft sett value (36 wefts/cm) with different filament 
finenesses are the most suitable group to obtain a windproof 
fabric. So, for the second part of the study these 5 samples 
were tested at increasing pressure drop values up to 1000 Pa. 
Increasing pressure drop values mean rising air speed which 
is applied to the fabric during the test. By this way, it is 
aimed to determine the air permeability of fabrics at 
increasing air speeds.   

As seen from Figure 4, air permeability values are increased 
by rising air speed values. It must be considered that for 
lower pressure drop values the difference in air permeability 
of fabrics with different filament finenesses are very close. 
But for higher pressure drop values the effect of filament 
fineness on air permeability is obvious. It can be said that at 
the highest pressure drop value applied in this study, fabric 
sample which has the finest filament (0.33 dtex) exhibits 

50% lower air permeability than that of fabric sample which 
has the most coarse filament  in weft yarn.  

 
Figure 4. Air permeability of plain weave fabrics which 
have the highest weft sett at different pressure drop values 

CONCLUSION 
Air permeability is an important property of windproof 
fabrics. To achieve lower air permeability values, increasing 
fabric sett, using weave types which have lower number of 
floats in structure and decreasing filament fineness values 
must be kept in mind. On the other hand, for fabrics which 
have mentioned specifications, increasing pressure drop 
values in other words increasing applied air speed, cause an 
increase in air permeability. But this increase can be 
minimized by using microfilaments.  In this study filament 
fineness and weft sett values were changed only for weft 
direction. In further study we suppose to obtain lower air 
permeability values by changing the production parameters 
in warp direction. 
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INTRODUCTION 
The most important thermal comfort of sport and 
protective garments are thermal resistance and 
water vapour permeability. Contrary to common 
textiles, protective and functional garments like 
sport dresses are also used in wet state, which 
affects their comfort properties [1]. Biking dresses 
investigated in this paper belong to protective 
garments, which, due to high physical activity, are 
often worn in wet state, as a consequence of the 
absorbed sweat.     
 

However, common measuring instruments mostly 
do not enable reliable measurement of wet fabrics, 
due to long time of measurement, during which the 
fabrics get dry. In this paper two PC evaluated 
commercial instruments Alambeta and Permetest 
are described, which provide fast non-destructive 
measurement of thermo-physiological properties of 
fabrics in dry and wet state. With these instruments, 
thermal comfort parameters of 9 differerent biking 
dresses in dry and wet state were determined [2] . 
  

Tab. 1 Description of the tested dresses 
Code / 
Style 

 
Design  

 
Compo-    
   sition 

Mass [g]/ 
Sq. mass  
 [g/m2]   

 A dress 
blue/ 
grey 

woman, 
short slee-
ves, 2pckts 

90% 
polyamid 
+ elastan 

 161/309 
 

B dress 
blue/ black 

woman, 
short slvs 

100% 
polyester 

148/215 

C dress 
yellow 

man, short 
sleeves 

100% 
polyester 

151/236 

D dress blue man short 
sleeves 

100% 
polyester 

148/215 

E dress red/  
yellow 

man, long 
sleeves, no 
pockets 

100% 
polyester 

122/204 

F jacket  
black / red 

PUR mem-
brane,detach 
sleeves 

100% 
polyester 

524/596 

G dress 
red/black 

free dress, 
no pockets 

100% 
polyester 190/196 

H vest  
red/yellow 

mesh in the 
back 

100% 
polyester 

115/165 

J vest red/ 
ref.strips 

front ripstop  
back  mesh  

polyester 
31% micro 

119/199 

 
 

As follows from the Tab.1. the original cotton 
biking dresses were in last decades replaced by 
polyester /polyamide fuctional knits. The pleasant  
 
 

handle of cotton  do not compensate the exceeding 
sweat sorption, which caused permanent cooling  
effect with long time of drying and resulted in high 
mass of the dress. For the purpose of this study, 
bikers were exposed to 40 minutes training (at 
24°C, RH 54%), during which produced in the 
average, 35 ml of sweat. Same amount of water 
with 1% of salt was then uniformly introduced into 
the dresses and after 1 hour thermal resistance, 
absorbtivity and water vapour permeability of 
dresses were determined.  

 
INSTRUMENTS AND TESTED PROPERTIES             
The ALAMBETA instrument  measures  thermal 
conductivity, thermal absorbtivity, thermal resis-
tance and sample thickness. Its principle depends in 
mathematical processing of time course of heat 
flow passing through the tested fabric due to 
different temperatures of bottom measuring plate 
and measuring head. When the measuring head  
touches the fabric starts the measurement lasting 
several minutes only. Thus, reliable measurements 
on wet fabrics are possible, during which the 
sample moisture keeps almost constant [3].                         
 

Thermal conductivity coefficient λ  of polymers is 
quite low, from 0,2 to 0,4 W/m.K, and that of textil-
es ranges from 0,033 to 0,01 W/m.K. Thermal 
conductivity of steady air by 20°C is 0,026 W/m.K 
while thermal conductivity of water is 0,6 W/m.K, 
which is 25times more. That is why the water 
presence in textile materials is undesirable. 
Thermal resistance R depends on fabric thickness 
h and thermal conductivity λ:   
 

 R = h/λ [m2K/W]                                  
                                                 

 Thermal absorbtivity b of fabrics was introduced 
in 1987 [4] to characterise thermal feeling during 
short contact of human skin with the fabric surface.  
The measured fabric was simplified into semi-
infinite block with thermal capacity ρc [J/m3] and 
initial temperature t2. Unsteady temperature field 
between the human skin (with temperature t1) and 
fabric with respect to of boundary conditions offers 
a relationship, which enables to determine the heat 
flow q [W/m2] course passing through the fabric:  

 q = b (t1– t2)/(πτ)1/2,  b = (λρc)1/2  [Ws1/2/m2/K]                                                           

where ρc [J/m3] is thermal capacity of the fabric 
and the term b presents its thermal absorbtivity. The 
higher is thermal absorbtivity of the fabric, the 
cooler is its feeling. In the textile praxis this 
parameter ranges from 20 Ws1/2/m2K for fine webs 
to 600 Ws1/2/m2K for heavy wet fabrics.                    
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The PERMETEST instrument  mentioned above 
enables the determination of relative WVP [%] and 
evaporation resistance Ret [m2Pa/W] of dry and wet 
fabrics within 3 -5 minutes [4] .  

 

      
 
Fig. 1. The PERMETEST- non destructive fast tester 
           of water vapour permeability of fabrics  
 

The instrument provides all measurements accor-
ding to the modified ISO 11092, and the results are 
treated statistically, displayed and recorded.   
Besides Ret also the relative water vapour 
permeability of the  sample pwv can be deter-mined 
according to the the relation [4] 
 
 pwv [%]   = 100 qs / qo                                       
 

Here, qs and qo are heat loses of moist measuring 
head in free state and when covered by a sample.   

     
THERMAL PROPERTIES 
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       Fig. 2. Thermal resitance in dry (red) and wet  
             (yellow) state of various dresses 
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          Fig. 3. Thermal absorbtivity of dry (red) and wet 
                (yellow) state dresses  
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  Fig. 4. Relative WVP or total cooling flow [%], which 
             comprises both cooling flow by evaporation from   
             the skin and from the wet fabric surface  
 
DISCCUSSION AND CONCLUSIONS  
It was found, that certain fabric structures provide 
high levels of thermal resistance of the dresses even 
in their wet state (samples B, D), whereas other 
stuctures (E, D, C) offer driest levels of their ther-
nal absorbtivity b when filled with a sweat. The  
lowest level of b (dress E) presens the upper limit 
for the so called "cold but still dry" contact feeling. 
 

As regards the resulting cooling flow felt by the 
biker when wearing the wet dress on the bare skin, 
the lowest permeability exhibits the dress F  
containing a PUR membrane. Like in other cases,  
here the evaporation frorn the wet fabric surface 
contributes to the total cooling effect.  However, if 
there is a gap between the skin and dress, then the 
cooling flow passing from the sweating skin  
through the wet fabric can be much lower  [5].  
 

The purpose of the presented study was to  confirm 
the strong effect of moisture of thermal comfort 
properties of biking dresses and the applicability of 
the used Alambeta and Permetest fast testing 
instruments for this research. This objective was 
achieved. Nevertheless, more systematic experi-
mental research should follow this initial study.  
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INTRODUCTION 
An average person, when unclothed, is only comfortable 
when standing under the environment of close to 29 ºC, 
with moderate humidity and little wind. The range of the 
environment a naked person can be exposed to is very 
narrow and clothing is essential to extend our dwellings 
on the earth and beyond. To broaden the limits of human 
activities, clothing should be engineered to provide 
maximum protection and comfort.  
 
Nevertheless, the requirements of protection and those of 
comfort are very often in direct conflict. Optimized 
solution to this problem lies in the in-depth understanding 
of the mechanisms involved as well as creative innovation. 
 
MODELLING & OPTIMIZATION  
In this presentation, I will first discuss the mechanisms of 
heat and mass transport through clothing systems. To 
maximize the thermal protection on one hand and 
breathability on the other, which are in conflicting 
requirement, our work showed that it is beneficial to 
optimize the porosity of fibrous materials (See Figure 1) 
[1] and its distribution (See Figure 2) [2], fiber surface 
properties [1], fiber orientation [3] and geometric 
structure [4].     

 

Figure 1. Optimum Porosity of Fibrous Materials  
               for Insulation 
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Figure 2. Optimum Porosity Distribution 
 

DIFFERENTIAL TRANSPORT PROPERTIES 
For functional clothing and many other applications such 
as geotextiles, absorbent wipes and paper, medical wound 
dressings, manufacturing of composite materials, it is 
desirable to have differential liquid/moisture transport 
properties in different directions.   Recently, we analyzed 
spontaneous flow of liquids through layered 
heterogeneous porous materials based on fractal theory 
[5]. Both capillary pressure and hydraulic resistance are 
expressed in terms of microscopic variables such as 
minimum and maximum pore sizes and fractal 
dimensions. The transplanar liquid flow in terms of the 
mass absorbed by the different layers against time is 
computed. The effect of layer configuration and pore size, 
fractal dimension and porosity in each layer are 
numerically investigated. As shown in Figure 3, different 
combinations of porous layers of different porosity and 
pore size distribution create different absorption patterns, 
and differential liquid transport properties can be 
achieved by having a gradient of porosity and pore size 
across the thickness. 
 

 

 

 

 

 

Figure 3. Differential capillary flow     
 
 
INNOVATION IN MATERIALS & DESIGN 
Based on improved understanding of heat and mass 
transport through clothing systems, new clothing 
materials  and designs have been developed to improve 
the functionality of clothing, which includes the plant 
structured fabrics for moisture management, breathable 
metallic nano-fibrous membranes for infrared shielding 
and antimicrobial applications (Figure 3)[6], fabrics with 
differential hydrophobicity and hydrophilicity (Figure 4) 
[7], and sportswear designs for ventilative cooling (Figure 
5) [8].  
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Figure 4. Fibrous Membrane Coated with 

Rice-like TiO2 Nanoparticles 
 

 

Figure 5.  Differential Hydrophobicity and Hydrophilicity 

 

Figure 6. Garment Design for Ventilative Cooling 
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In the last years membranes have become a key 
component of “intelligent” textiles. Here we 
show the development of different nanofibrous 
membranes which show a temperature response 
and can be applied on textile supports, in order 
to increase the later functionalities. 

We thus describe a new generation of thermo-
chromic composites that require a minimal 
amount of materials for a significant optical 
effect. Polymer nanofibers were loaded with azo 
initiators that release nitrogen upon heating, and 
were subsequently coated with a thin gold film. 
The local release of nitrogen gas was shown to 
change the local topography of the fibers, while 
keeping the fiber morphology intact.  

Figure 1. Nanocomposite nanofibers allow the 
changing of the surface color with temperature  

The optical properties of the non-wovens could 
thus be controlled by the heating time, heating 
temperature and the initial thickness of the film, 
thus making these materials extremely 
interesting for textile-based sensing applications 
(1). 

We also present a tool-box of membranes 
obtained by the electrospinning of thermo-
responsive oligoethylene-glycol methacrylate-
based polymers. In one approach we electrospun 
copolymers of oligoethylene glycol 
methacrylate and polyvinyl caprolactam in an 
emulsion electrospinning approach.  

Figure 2. Bicomponent nanofibers with thermo-
responsive core  

The formation of bicomponent nanofibers was 
demonstrated by electron microscopy. In 
another process we fabricated nanofibrous 
membranes based on polyvinylic alcohol and a 
cross-linkable polyoligoethylene glycol 
methacrylate. These novel ultrafine membranes 
with a high surface-to-volume ratio have 
potential applications in medicated textiles, 
where a temperature-controlled drug release is 
needed.  
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ABSTRACT 
Electrospinning is an unique process to produce 
continuous nanofibers. The most important parameters 
that have a great effect on nanofiber's morphologies 
are voltage, polymer concentration, and amount of 
feed rate. In the present research, the influences of 
these three parameters were investigated for 
polyacrylonitrile (PAN) nanofibers. Four different 
solutions with 10, 12, 14, 16 (w/v%) concentration 
were prepared. For each of those solutions, 9 different 
nanofibers mats were produced at voltage 10, 12, 14 
kV with feedrate of 0.3, 0.45 and 0.6 ml/hr. From each 
group, at least 3 different SEM images were captured. 
The defect of nanofibers like intensity and size of 
beads, cohesion fibers could be detected from SEM 
images. By using Image analysis, the diameter of 
nanofibers and the distribution were measured and 
calculated. A designed two-layer artificial neural 
network (ANN) could be predicated the nanofibers 
diameter and structures as well in this research. 
 
INTRODUCTION 
Electrospinning has been widely used as a simple 
powerful technique to produce continues fibers in 
macro and nano scales. Electrospun fibers and their 
corresponding membranes have their own unique 
properties, such fine diameters, high porosities, large 
surface areas, fully interconnected pore structures, and 
sufficient mechanical strengths. These outstanding 
properties make nanofibers attractive for a wide range 
of applications, including tissue engineering, wound 
dressing, protective clothing, filter media, as well as 
sensor and electronics applications. 
 
In the electrospinning of polymer solutions, some 
parameters are known to affect the physical properties 
of the electrospun fibers, including fiber shape, 
diameter, surface morphology, and porosity [1,2]. 
These parameters can be classified into three major 
categories: (1) internal parameters, such as the nature 
and molecular weight of the polymer and the physical 
properties of the polymer solution (concentration, 
viscosity, conductivity, dielectric permeability, and 
surface tension); (2) process parameters, including the 
applied potential, the polymer feedrate, the 
electrospinning distance; and (3) ambient parameters, 

including temperature, humidity, and air flow in the 
electrospinning chamber [3]. Despite the widespread 
and rapidly growing use of electrospinning 
technique for producing novel nanomaterials, there 
are no simple methods of predicting a priori the 
properties of electrospun fibers from knowledge of 
the spinning solution properties and electrospinning 
operating conditions alone. The electrospinning of 
new materials typically follows an ad hoc method of 
varying fluid concentrations and controlled 
variables. Thus, a simple analysis leading for 
estimation of fiber properties in novel systems 
would be highly beneficial in allowing for rapid 
development of novel nanomaterials [4].  
 
Current research is mainly focused on investigating 
some of the process parameters of electrospinning 
technique, which have the effect on physical 
properties of the electrospun fibers and applying an 
artificial neural network (ANN) for predication of 
nanofiber diameter and defects. 
 
EXPERIMENTAL 
Industrial polyacrylonitrile (PAN) from Iran 
Polyacryle Co. with Mw 100,000 g/mol and N,N-
dimethyl formamide (DMF) from Sigma-Aldrich 
were used to prepare PAN solution for 
electrospinning. The electrospinning process was 
carried out by connecting a high voltage power 
supply from Gamma (± 30 kV, 1.5 mA) to the 
nozzle. The voltage of 10-14 kV was applied to the 
nozzle whose tip distance from the collector was 12 
cm. The nozzle was a B-D 22.5G needle with a flat 
tip. A KDS syringe pump was used to provide a 
constant feed rate of solution during electrospinning. 
The nanofibers morphologies were studied by 
scanning electron microscope (SEM), Quanta FEG 
200. The diameter of the nanofibers and 
morphological defects were determined and 
investigated in MATLAB software by using image 
analysis and neural network algorithms. 
 
RESULTS AND DISCUSSION 
To investigate the conditions for electrospinning of 
PAN, four different concentrations (10, 12, 14 and 
16%) were prepared and electrospun at three 
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different feedrates (0.3, .45 and 0.6 ml/hr) and 
voltages (10, 12 and14 kV). SEM was used to 
investigate the conditions that affect nanofiber 
physical characteristics such as fiber diameter and 
defect-free fibers. As it is illustrated in Figure 1, the 
SEM images from different groups of electrospun 
fibers were captured. The diameter distributions of 
nanofibers in each group were measured accurately in 
200 different areas as it is depicted in Figure 2. By 
applying statistical analysis of mean and variance 
(MANOVA) using SPSS statistics software, the most 
important factor that affected nanofiber's diameter is 
the concentration of PAN in electrospun feed solution. 
Increasing this parameter caused significant increasing 
of nanofibers diameter linearly. The second important 
parameter in this study was electrospinning voltage 
and then the amount of solution feedrate.  

 
Figure 1. SEM images of 36 different groups of PAN nanofibers.  
 
The backpropagation neural network technique is used 
to predicate nanofibers diameters. Backpropagation is 
perhaps the most utilized neural network algorithm, 
which gets its name from the way it handles errors to 
learn how to make accurate predictions. It always has 
an input and an output layer and at least one hidden 
layer. One hidden layer is sufficient since all inputs 
are linearly separable. Each layer is fully connected to 
succeeding layer. One-layered feed-forward ANN 
with sigmoidal activation function and 
backpropagation was used for prediction. The ANN 
learns to associate desired output to each input pattern. 
In each learning epoch, all input patterns were 
propagated forward and backward so that connection 
weights were updated by minimizing the mean-square 
difference between actual and teaching output vectors’ 
mean-square error (MSE). The number of neurons in 
the hidden layer was adjusted by trial and error. It 

started from low value and was increased until the 
performance of the trained ANN reached to 
maximum. A set of inputs (Concentration, Voltage, 
feedrate) and output (related nanofiber diameters, 
defects index) were fed to the network. The error 
was calculated as the difference between the target 
and the network output. The neural network was 
trained after few epochs with acceptable MSE. This 
algorithm can predicate the nanofibers diameter 
well, since the existence of high linear correlation 
between nanofiber real diameters and predicted 
values. 

 
Figure 2. Nanofiber’s diameter distribution values for 36 different 
groups of PAN nanofibers. 
 
CONCLUSIONS 
According to the results, the neural network 
algorithms that were used, provides a robust 
correlation between the nanofibers real diameter 
value and predicted one. So it is possible to predict 
nanofiber diameter and defects by having 
electrospining parameters. 
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INTRODUCTION 
In electrospinning process the fiber morphology is 
controlled by the experimental parameters as well as the 
properties of spinning polymer solution or melt. Over the 
past few years, several researchers have investigated the 
various parameters affecting the morphology and 
diameter of electrospun fibers. However, conflicting 
results have been reported[1,2] for the effect of spinning 
distance (needle to collector) on the fiber diameter. 

During our study on the effect of process parameters on 
electrospinning of polyacrylonitrile nanofibers, it was 
found that the there exists a Minimum Electrospinning 
Voltage )(MEV where maximum conversion of polymer 
solution into nanofibers took place [3]. When 
electrospinning is carried out at this voltage the diameter 
of the nanofibers are independent of the flow rate of the 
polymer. The MEV can be defined in terms of surface 
formation rate (S) as the voltage where the 
relation: ( )2MEVS ∝  is satisfied. Experiments conducted 
at MEV revealed that the effect of flow rate on diameter is 
not significant. The effect of electrospinning process 
parameters like flow rate, concentration, and charging 
combination of needle and/or collector on diameter has 
been recently reported by us [3]. However, the study was 
conducted at a fixed needle and the collector distance of 
20 cm. The distance between the needle and the collector 
has an influence on the flight time of the electrospinning 
jet and the electric field distribution. These factors along 
with the manner of charging (by adjusting either positive 
needle voltage or negative collector voltage or by 
combination of two) may affect the morphology of the 
nanoweb. Therefore, in the work reported here, the 
concept of MEV has been extended to understand the 
effect of varying needle to collector distances for 
electrospinning of polyacrylonitrile in DMF system.  
 
APPROACH 
The MEV was determined for a given set of conditions 
when electrospinning took place continuously, i.e. 
without break and without dripping. The detailed process 
of ascertaining the MEV has been reported earlier [3]. All 
experiments reported were carried out by satisfying the 
MEV condition. 

RESULTS AND DISCUSSION 
It is often assumed that higher distances in 
electrospinning yield fibers with finer diameter as it 
allows more time for the extruded polymer to undergo 
stretching. With increase in needle to collector distance, 

the MEV is expected to increase as the effective electric 
field at any point in the spinning zone is expected to 
decrease. The effect of distance on MEV with a grounded 
collector is shown in Figure 1. The MEV can be seen to be 
increasing from 4kV at 5 cm to 10.4kV at 25cm for 
14wt% PAN solution pumped at 0.1ml/h flow rate. 
Similar increase was observed for other concentrations 
and flow rates. .More voltage was required to induce the 
same amount of charge on the extruded polymer by the 
charged needle at larger distance. It was interesting to 
note that the increase in voltage with increase in distance 
was not proportional. Thus, MEV versus distance curve 
tends to flatten with increasing distance. This nonlinearity 
was more prominent at higher flow rates. The non-
linearity of the change in MEV with distance indicates 
that the electric field does not decrease linearly with the 
increasing distance.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Effect of distance on Minimum Electrospinning Voltage 
(MEV) 
 
The average diameter of 12 wt% PAN remained nearly 
same at about 210 nm from 5 cm to 30cm at 1ml/h flow 
rate.  Similarly, for 8 wt% PAN solution, the average 
diameter remains at about 95 nm for all distances. The 
standard error at 95% confidence level is plotted in Figure 
2 as error bar. The changes in nanofiber diameters are not 
significant at 95% confidence level. Similar studies at 
other concentrations and flow rates also show that there is 
no significant change in nanofiber diameter on increasing 
distance from 5 to 30 cm. From these observations, it may 
be inferred that the PAN nanofibers attain the same 
diameter irrespective of the needle to collector distance 
(i.e. in the range of 5to 30 cm) when electrospun from the 
same polymer dope concentration. This is probably 
because the extruded polymer gets charged to the same 
extent irrespective of the distance when spinning is 
carried out at MEV. This results in polymer jet undergoing 



complete stretching/splitting within the first 5 cm of its 
flight towards the collector and the structure freezes 
before depositing on the collector.  
The positive needle voltage (NV) and negative collector 
voltage (CV) were separately controlled to study their 
contribution in achieving the MEV at a given distance. In 
our earlier study, it was observed that the MEV could be 
reached by adjusting either the NV or CV or by 
combination of the two. NV had much stronger effect on 
achieving MEV while contribution of CV was 
significantly lower. It was observed that there is a definite 
relationship between NV and CV for a given distance of 
spinning. This may be represented as: 
 

MEV = NV – (slope value) × CV   --------- (1) 
 

At a needle to collector distance of 20 cm, the slope of 
NV vs CV was 0.4. In this study, the experiments were 
conducted to find the relationship between NV and CV 
for different needle to collector distances. From the plots 
of NV versus CV while maintaining MEV condition at 
varying needle to collector distances from 10 cm to 25 
cm, the slopes of the straight lines were found to be 0.35 
for 25 cm, 0.4 for 20 cm, 0.5 for 15 cm and 0.6 for 10 cm. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Dependence of needle and collector voltage for a distance of 
25 cm 

It is interesting to note that change in polymer 
concentration or flow rate had no effect on the slope of 
the NV vs. CV while the MEV condition of spinning were 
maintained. From this, it may be inferred that the slope of 
NV vs. CV is dependent only on the geometry of the 
system, and is independent of the dope properties or the 
other electrospinning parameters for PAN-DMF system.  
As shown in figure 3, the MEV2 is directly proportional to 
the surface formation rate (S). However, the slope of the 
straight lines increases from 0.434 for 5 cm to 2.49 for 30 
cm spinning distance.  

 
 
 
 
 
 
 
 
 
 

Figure 3. Plot of square of MEV against surface formation rate at 
varying distance 

In our earlier study [3], we had suggested that in an 
electrospinning system, electrical power (PE), which is 
used to perform the mechanical work per unit time (PM) 
can be related as follows: 
  EM PP ×=   ------ (2) 
where,  SFP TM ×=   ------ (3) 
and  ( )2MEVCPE ×=  ------ (4) 
Therefore, 2)(MEV

F
CS
T

×







=

  ------ (5) 

Where S is the rate of surface area formation,  is 
efficiency of conversion of electrical to mechanical 
power, C is constant for a system, FT is the total cohesive 
force per unit distance of the system comprising of 
rheological and surface tension forces. 
 
Figure 4 shows the plot of (η C/ FT)-1 (i.e. slope of MEV2 
vs S) against the spinning distance, which yields a straight 
line. FT and η are likely to be constants for a given 
system. FT is dependent on dope properties, while η, the 
efficiency of conversion, is likely to be dependent upon 
the type of electrospinning system and/or atmospheric 
parameters. Therefore, the constant C may be termed as a 
reciprocal of resistance (R) of the system. In such a case, 
we can replace C in the above equation by 1/R. The 
resistance (R) of the system is expected to vary linearly 
with the distance. Therefore, the final relationship 
between MEV and S may be written as: 

TFS
R

MEV
××= −1

2)(   ----- (6) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Plot of (η C/ FT)-1 against needle to collector distance 

CONCLUSIONS 
The MEV was found to increase with increasing distance, 
though nonlinearly. A definite relationship between the 
needle and the collector voltage was observed in 
maintaining the MEV condition. The diameter of the 
nanofibers is independent of the spinning process 
parameters and is dependent on dope properties. 
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INTRODUCTION  

Among the methods used to prepare nanofibers, 
electrospinning is a progressive  and simple one to 
fabricate submicro to nanometer fibrous structures. The 
electrospinning it self  involves basics in polymer science 
for solution dynamics in which viscoelastic parameters, 
surface  tension and electroconductivity are critical 
factors  for spinning of nanofibers. [1-3] The generated 
nanofibers have significant characteristics such as a large 
aspect ratio, high porosity and the possibility to 
incorporate active components on a nanoscale. 
Considering these properties, nanofiber can cover variety 
of applications such as filtration, tissue engineering, 
wound dressing and functional materials. Achieving 
mentioned application some polymers have been 
candidate which one of the best  is chitin along with its 
derivative, chitosan . Chitosan is an interesting polymer 
due to its remarkable properties  such as biocompatibility, 
biodegradability, antimicrobial activity, wound healing 
property, etc. [4-8] 

Gelatin is protein that contains high contents of glycine, 
proline, and hydroxyproline.Gelatin has been used as 
wound dressing, adhesive, and as absorbent pad during 
surgery.  Electrospinning and polymer blending are 
amongst the effective methods to provide new and 
desirable biocomposites. In present work chitosan was 
blended with gelatin and the focus of this study was on 
the chitosan and gelatin concretions on morphology of 
resulting nanofibers. [8-10] 

The morphology of electrospun chiosan-gelatin blend  
nanofibers were characterized using scanning electron 
microscope (SEM). The miscibility of blend was 
determined using a SEM and Fourier transform infrared 
spectrometer (FTIR). 

EXPERIMENTAL 

Materials  

The materials which were used in this work include: 
(a)medium molecular weight chitosan powder with 
DD=75-85% from Aldrich.(b) glacial acetic acid (AcOH) 
and gelatin from Merck and (d)deionized water. 

EQUIPMENT 

Electrospinning and tests 

Chitosan-gelatin blends (5/95,10/90,20/80 and 30/70) 
were dissolved in concentrated acetic acid (90%) at room 
temperature. Electrospinning unit from KATO TECH CO. 

was used. The syringe used had 18 gauge needle 
(capillary diameter,1.20 mm). The applied voltage was 
30kV and tip –to-collector distances and flow rate  were 
fixed at  100 mm and 0.08 mm/min,respectively . The 
morphology of the electrospun mats were observed by a 
BAL-TEC SCD 005 scanning electron microscope. 
characterization of chemical structure of the nanofiber 
samples was done by FTIR technique (Tensor 27, 
Bruker). 

RESULTS 

Characterization  

Figure 1 shows the gelatin nanofibers obtained at different 
ratios of chitosan and gelatin. The diameter of defect free 
blend nanofiber of chitosan-gelatin for proportions of  
5:95, 10:90, 20:80 and 30:70 ranged between  47-90 nm, 
55-120nm, 25-150nm and 90-240 nm, respectively.  

  

  

Fig1.SEM micrograph of a) chitosan –gelatin 5:95 b)chitosan –
gelatin 10:90 c)chitosan-gelatin 20:80 and d)chitosan-gelatin 
30:70 

 

FTIR Study 
Figure 2 shows the FTIR spectra of  a)chitosan b)gelatin 
and c)chitosan gelatin blend. Because of common 



functional groups found in chitosan gelatin both there are 
many similar peaks observed in FTIR spectra.  
Appearance of signal around 1635.41cm-1is due to 
bonding between –NH2 group in chitosan with –C=O 
group in gelatin. All the samples show band around 
3200cm-1 due to hydrogen bonded – OH. 

 

 

 
 
 
Figure 2. FTIR spectra of nanofiber of a)chitosan  
b)gelatin c)chitosan-gelatin blend 
 
 
CONCLUSION 
 
Defect-free nanofibers of chitosan-gelatin blend were 
fabricated using electrospinning. The effect of blend 
weight ratio on morphology of nanofibers was 
investigated using SEM and FTIR. Incorporation of 
gelatin with chitosan can facilitate electrospinning of 
chitosan.  
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STATEMENT OF PURPOSE/OBJECTIVE

The purpose of our study is to produce cyclodextrin 
(CD) functionalized nanofibers by means of 
electrospinning. 

INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides 
consisting of α-(1,4)-linked glucopyranose units. 
The most common CDs are α-, β- and γ-CD with 6, 
7 and 8 glucopyranose units, respectively (Figure 
1). Their truncated cone-shaped molecular structure 
enable them to form host-guest inclusion complexes 
(ICs) with variety of molecules such as 
antibacterials, drugs, antioxidants, flavors, 
fragrances and pollutants etc. in order to improve 
the various properties of these molecules. For 
instance, increasing shelf life of foods with 
flavor/CD-ICs and controlling the release of poorly 
soluble drugs by forming inclusion complex 
between drug and CDs.

Figure 1. The schematic representation of α-, β- and 
γ-CD

Electrospinning is a versatile, cost effective and one 
of the most promising method to obtain nanofibers 
from polymers, polymer blends, sol-gels, metal 
oxides, ceramics, composites with diameter ranging 
from micrometer to nanometer range. During 
electrospinning process, high voltage is applied to 
the polymer solution or melt, therefore the solution 
is charged and a repulsive force is originated. When 
aforementioned force overcomes the surface tension 
of the solution, jet is formed and then fibers are 
formed on the grounded collector (Figure 2). Owing 
to the unique properties of electrospun nanofibers 

such as highly nanoporous structure and high 
surface to volume ratio, nanofibers are able to be 
used in many areas such as membranes/filtration, 
textiles, energy storage, biotechnology, tissue 
engineering and drug delivery systems. In addition, 
incorporation of additives inside the electrospun
nanofibers could be achieved due to the design 
flexibility of these nanofibers [1-3].

Figure 2.  Schematic view of electrospinning

APPROACH

In our first study, we obtained electrospun 
nanofibers from cyclodextrins without using a 
carrier polymer matrix. Secondly, electrospun 
nanofibers including CD-ICs of several 
fragrances/flavors were produced. Lastly, surface of 
the electrospun nanofibers was functionalized by 
CDs [4-7]. 

RESULTS AND DISCUSSION

In electrospinning, normally high molecular weight 
polymers are used with high polymer 
concentrations due to the necessity of chain 
entanglement and overlapping. Therefore, 
electrospinning of CD and CD-ICs is a big 
challenge. Nevertheless, we attained nanofibers 
from cyclodextrin derivatives such as 
hydroxypropyl-β-cyclodextrin (HPβCD), methyl-β-
cyclodextrin (MβCD) and hydroxypropyl-γ-
cyclodextrin (HPγCD) without a carrier polymer 
matrix (Figure 3) [4-7].

15 kV

High voltage power supply

Syringe pump

Collector

Nanofiber
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Figure 3. The representative SEM images of the 
electrospun HPβCD nanofibers obtained from water 
solution 

 
In another study, nanomaterials for active food 
packaging and nanotextile were manufactured. We 
encapsulated CD-ICs of several fragrances/flavors 
into electrospun polymeric nanofibers (Figure 4). 
Due to the inclusion complexation; the controlled 
release, high thermal stability and long term shelf 
life were achieved for volatile compounds 
(fragrances/flavors) [7]. 

 

 
 

Figure 4. Inclusion complex of vanillin  
with CD 

 
Finally, our motivation was combining CDs’ ability 
to form inclusion complexes with various organic 
compounds and high surface area of nanofibers. For 
this purpose, we functionalized the surface of 
electrospun nanofibers with CDs and then we 
investigated the removal of organic wastes from the 
solution via so-called functionalized electrospun 
nanofibers. 
 
CONCLUSION 
As a conclusion, we produced CD functionalized 
electrospun nanofibers for different purposes such 
as molecular filtration, nanotextiles, active food 
packaging and slow release systems. These 
nanofibers are superior to others due to the high 
surface area of electrospun nanofibers and specific 
functionality of the CDs. This talk summarizes our 
recent findings on electrospun cyclodextrin 
functionalized nanofibers/nanowebs. 
 

FUTURE WORK 
As a future work, firstly the molecular filtration 
capability of CD nanofibers will be investigated. 
Secondly, the antibacterial and antioxidant activity 
of nanofibers containing IC of CD and related guest 
will be evaluated. Finally, specific molecular 
filtration studies will be done for surface 
functionalized nanofibers. 
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OBJECTIVE 
The purpose of this current paper is to study blend 
electrospinning of polycaprolactone/chitosan mixtures 
using an acetic acid/formic acid solvent system. The 
electrospinning process and resulting blend nanofibres 
will be elaborated on.  
 
INTRODUCTION 
Nanofibrous nonwovens can be used in numerous sectors 
with great benefit due to their unique characteristics such 
as high specific surface area, small pore size and high 
porosity [1]. However, several high-tech applications 
demand material properties that can only be supplied by 
electrospinning of polymer blends. Blend electrospinning 
makes the combination of advantageous characteristics of 
different polymer types possible, which leads to an 
improved quality and applicability of the resulting 
material. 
 
Blending natural and synthetic polymers may provide an 
excellent material for biomedical use, since good tissue 
compatibility and improved mechanical properties can be 
combined [2]. Chitosan, a natural polysaccharide, shows 
advantageous characteristics for tissue healing, such as 
biocompatibility, hydrophilicity and antimicrobial 
activity. Numerous studies, however, report on the 
difficulties encountered when electrospinning pure 
chitosan [3,4]. Moreover, chitosan structures are 
mechanically weak limiting their practical performance. 
Combining chitosan with polycaprolactone (PCL), a 
biodegradable non-toxic synthetic polymer commonly 
used in biomedical applications, ensures the production of 
a superior material consisting of antimicrobial 
biodegradable nanofibres. 
 
To fully exploit the potential of nanofibres, research 
towards reproducible electrospinning and the use of 
solvents with limited toxicity is crucial. This is an even 
bigger challenge when polymer blends are used, seen as 
additional parameters have to be considered. 
 
APPROACH 
After the determination of an appropriate solvent system 
for the electrospinning of PCL/chitosan polymer blends, 
the process is analysed. The polymers, supplied by Sigma 
Aldrich, are dissolved together and electrospun using a 
standard setup. The polymer solutions are characterised 
by their viscosity (Brookfield viscometer LVDV-II) and 
their conductivity (Radiometer Analytical CDM210). 
Subsequently, the obtained nanofibres are characterised 
by SEM analysis (FEI QUANTA 200 F). [5] 

RESULTS AND DISCUSSION 
Solvent study 
Electrospinning trials with different PCL/chitosan 
solutions indicated that an acetic acid/formic acid 
(AA/FA) solvent system could support a stable process 
with reproducible results. Moreover, the toxicity of this 
solvent system is limited in comparison with other 
commonly used solvents. 
 
Although fibre formation was possible at several solvent 
ratios, a 3/7 AA/FA ratio provided the finest fibres while 
guaranteeing the stability of the electrospinning process. 
Therefore, the 3/7 AA/FA solvent system is used for 
further in-depth research. 
 
The electrospinning region 
A key prerequisite for obtaining reproducible electrospun 
samples, is the presence of a stable Taylor cone. Both the 
electrospinnability and the stability of the Taylor cone 
were investigated as a function of the polymer 
concentrations and are represented in Figure 1. Some 
solutions did not lead to nanofibre formation (black area) 
and are thus not electrospinnable. The electrospinnable 
solutions resulted in a process with (white area) or 
without (grey area) a stable Taylor cone. Nanofibrous 
structures formed without a stable Taylor cone generally 
show irregularities such as drops or beads due to 
instabilities of the process.  
 

 
 

Figure 1:  
Electrospinnability of chitosan/PCL blend solutions  

(3/7 AA/FA – flow rate of 0.6 ml h-1 – tip to collector distance of 
12.5 cm – applied voltage indicated) 

 
It is clear from this analysis that the viscosity plays a 
dominant role in the electrospinning process. The 
viscosity needs to be within a certain range. This explains 
the boundary conditions: the chitosan content can only be 
augmented significantly when the PCL content is 
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lowered, and vice versa. Also the applied voltage is linked 
to this parameter: a solution with a higher viscosity may 
need to be electrospun at higher voltages because it better 
resists the electrostatic forces leading to fibre formation.  
 
In addition to this first criterion, a minimum polymer 
concentration is necessary to ensure sufficient chain 
entanglement for fibre formation. None of the polymer 
solutions having a total polymer concentration lower than 
6.6 wt% could be electrospun in a stable way. 
 
Fibre characterisation 
The fibre morphology of the PCL/chitosan nanofibres was 
mainly characterised through an analysis of the average 
fibre diameter. A significant decrease in fibre diameter 
with increasing chitosan percentage and decreasing PCL 
concentration is observed (Figure 2). This substantial 
decrease can be attributed to the changes in solution 
properties due to chitosan. The chitosan addition causes a 
strong increase in viscosity and charge density of the 
solutions. Therefore, solutions with a lower total polymer 
concentration can be electrospun and higher elongation 
forces are imposed during the spinning process, both 
leading to finer fibres. 
 

 
 

Figure 2: 
Overall decrease of average fibre diameter of 
polycaprolactone/chitosan blend nanofibres 

 
 

CONCLUSIONS 
Blend electrospinning of a PCL/chitosan mixture enables 
the production of antimicrobial biodegradable nanofibres, 
providing a promising material for biomedical use. An 
acetic acid/formic acid solvent system, having limited 
toxicity, resulted in reproducible blend nanofibres. The 
dominant factor determining the stability of the 
electrospinning process proved to be the solution 
viscosity. Also, a minimum total polymer concentration is 
required. Analysis of the resulting nanofibres shows that a 
significant decrease in fibre diameter can be realised 
when augmenting the chitosan concentration. In 
conclusion, the newly developed solvent system AA/FA 
resulted in reproducible PCL/chitosan blend nanofibres 
with small diameters, thus leading to a major 
breakthrough in the electrospinning of PCL/chitosan 
polymer blends. 
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INTRODUCTION 
As the development of advanced technology, 
electromagnetic radiation exist everywhere to facilitate 
the activity of human being and also to harm the health of 
people. Usually women and children are two groups to be 
attacked by harmful environment, especially the pregnant 
women and fetus. It has been reported that miscarriage, 
deficiency of nervous system and immune system of fetus 
could be caused by electromagnetic radiation. 
Clothing is used as one of the choices by pregnant women 
to protect them from the injury of electromagnetic 
radiation. The clothing should meet the basic 
requirements as strength, softness, comfort and aesthetic, 
the protective function it top factor to determine the 
decision of purchasing.  
The protective performance on electromagnetic radiation 
of textiles has been studied. But the protective 
performance of clothing, the relation of the protective 
performance with the body figure and clothing design 
have not been fully investigated. It is expected to 
understand the principle of the electromagnetic radiation 
protection from the clothing and to establish the theoretic 
basis for pregnant women clothing design.  
The harms of electromagnetic radiation to human body 
have been widely proved by the medical community. The 
harm degree of electromagnetic radiation on human is 
related to the intensity and time of the radiation.  
According to statistics, deficiency rate of infants in the 
world is around 0.06%, about 1.2 million in number. The 
harm of electromagnetic radiation is the key factor of 
courses. Protective clothing should be designed to keep 
users away from electromagnetic radiation.  
At present, the commonly used protective clothing for 
pregnant women in China is designed as halter top, short 
sleeve shirt, vest, etc. Many electromagnetic protective 
clothing are proved by measurement results of fabric and 
claim that above 99% radiation can reduced. Actually, the 
protective performance of clothing differs from that of 
fabric, and the effects of body figure is also a influent 
factor on clothing performance. It is critical to distinguish 
the performance of fabric and clothing, to establish the 
relation between clothing and users.  

APPROACH 
Two kinds of sleeveless electromagnetic protective 
clothing with the similar structure are used for 
measurement, which are widely used to protect pregnant 
women and those exposed to electromagnetic radiation in 
workplace.  The clothing samples are made by fabrics 
with silver cored yarn and stainless steel mixture yarn. 
Table 2 shows performance parameters of fabric samples. 

The shielding effectiveness (SE) is defined as the ratio of 
power received with and without a material present for 
the same incident power. The higher the SE value means 
excellent protective performance for c radiation. 
Fabric samples are tested according to the standard 
SJ20524-1995, and the SE of clothing is measured 
according to microwave protective clothing standard 
GB/T23463-2009. 
The model to imitate the protective performance on 
electromagnetic radiation of clothing is established by 
using HFSS software. The three dimensional clothing 
model, antennal model, interface and solution setting of 
the models are most important factors. 
In this work, the height of the clothing model is 68cm. the 
armholes are defined as ellipse, with long and short axis 
20cm and 18cm respectively. The clothing hem is also in 
the shape of ellipse with long and short axis 36cm and 
30cm respectively. Half-wave dipole antenna and far field 
date are used for radiation transmit imitation. Vertical and 
horizontal transmit condition are investigated.  Receiving 
antenna is imitated as three vertically located unipolar 
with length of 100mm. The bottom of air interface is to 
imitate the ground and other sides are radiation interfaces. 
The parameters of fabric, clothing and electromagnetic 
are inputted to the model. 

RESULTS AND DISCUSSION 
Figure1shows the protective performance of fabric 
samples at different radiation frequency.  

It can be found from figure 1 that SE values of fabric with 
silver fiber are higher than that of fabric with stainless 
steel fiber.  The electromagnetic protective performance 
of fabrics varies at different radiation frequencies. 
Table Ⅰ gives out the results of fabric and clothing 
performance measurement. 
 TableⅠ SE comparison of fabrics and clothing  
sample Shielding effectiveness (dB) 
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Figure1 SE of fabric at different radiation frequency 
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No* fabric clothing 
1 36.1 23.8 
2 55.8 25.7 

*Sample No. 1 and 2 corresponded to the fabrics with silver 
cored yarn and stainless steel mixture yarn. 
It is obvious that the SE of both fabrics is able to meet the 
requirements of safety for human body. However, after 
being made into clothing, the SE falls greatly. Although 
there are evident difference in SE of the 2 fabric samples, 
the SE of clothing reaches to the similar level.   
Table 2 is the measurement results of SE for vertical and 
horizontal polarization wave after the body factor 
considered. 

TableⅡ The SE of sample for vertical polarization wave and 
horizontal polarization wave 

Frequency 
(MHz） 

SE (dB) 
vertical polarized 

wave 
horizontal 

polarized wave 
sample1 sample 2 sample1 sample 2 

300 2.17 2.12 9.41 8.46 
600 5.63 5.04 6.83 6.4 
915 6.96 6.7 5.76 6.27 

1800 4.7 4.13 10.12 10.39 
2450 3.8 3.62 10.95 9.32 
3000 2.42 2.1 9.8 8.9 

It can be obtained that SE will be decreased after the body 
factor is included and the clothing protective performance 
is better towards horizontal radiation than that of vertical 
radiation. The influences of clothing opening can also be 
proved from the decrease of the SE values of clothing 
made with respective fabrics.  
Figure 2 compare the results of radiation protective 
performances of clothing made from two different fabric 
samples towards vertical and horizontal electromagnetic 
radiation given by measurement and imitation models.  
It can be found from figures that the imitation models 
give out the results similar as that of measured. 

 

CONCLUSIONS 
Following conclusions can be obtained on the basis of this 
research: 
The electromagnetic protective performance of fabrics not 
only determined by the fiber composition and also on the 
different radiation frequency. The radiation resources 
should take into consideration during clothing design. 

The electromagnetic protective performance of clothing is 
deteriorated than that of the fabrics made from. It is 
unacceptable to evaluate the electromagnetic protective 
performance of clothing by the results tested from fabrics.  
By the model established in this research, the 
electromagnetic protective performance of clothing can be 
imitated on the basis of fabric, clothing structure and 
human body. 
According to above conclusion, the influences of detailed 
clothing style and structure factors such as silhouette, 
openings, cutting and so on should be studied in detail in 
order to provide concrete advices for protective clothing 
design.  
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Electromagnetic Radiation; Clothing; Protective 
Performance;  Shielding Effectiveness (SE); Fabric 
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INTRODUCTION 
Combat uniform is intended to be worn by soldiers in 
actual combat. As the battlefield becomes 
increasingly complex, the need for new intelligent 
textile fibers, structures and clothing systems are 
being developed while maintaining comfort and 
functionality [1]. 
For more effective visual camouflage, the new digital 
pattern which is formed with a number of small 
rectangular pixels of colors is developed, however, 
auditory camouflage which is essential for the short 
distance mission has been less considered. Fabric 
sound of combat uniform could be the one of the 
factors to put warriors in a dangerous situation by 
revealing the presence during on sentry or search.  
Just noticeable SPL (JNS) and audible distance (AD) 
are the critical factors of auditory camouflage 
performance. JNS is the lowest sound pressure level 
(SPL) which can be perceived by human ear, while 
AD is the maximum distance that the fabric sound 
could be reached to human ear. JNS and AD are 
discriminated from SPL because those are the 
auditory sensory perception value whereas, SPL is 
physical data. 
This study aims to examine SPL, JNS, and AD of the 
fabric sound of Korean military combat uniforms. It 
aims to investigate the relationship between those 
auditory camouflage characteristics and mechanical 
properties of specimens, and finally to propose the 
ideal conditions for maximizing auditory camouflage 
performance.  
 
EXPERIMENTAL 
Specimens 
Six types of combat uniform fabrics were selected. 
Three specimens were woodland camouflage patterns 
and the other three specimens were newly released 
combat uniforms with digital pattern. Basic 
characteristics of specimens are shown in Table Ι.  
 
Recording Fabric Frictional Sound 
Fabric sounds were generated on a Simulator for 
Frictional Sound of Fabrics (Patent, No. 10-0105524) 
in a soundproof room. Generated fabric sounds were 
recorded by Pulse System (Type 7700, B&K, 
Denmark) through the high performance microphone 
(Type 4190, B&K, Denmark). Frictional speed was 
applied in walking speed as shown in Table ΙΙ. 
 
Estimation of Auditory Camouflage Performance 
JNS and AD were estimated from the audible 

distance estimation subsystem of Affective Quality 
Evaluation and Estimation System for Textiles 
(AQEEST) [2]. The audible distance estimation 
subsystem of AQEEST was designed to estimate JNS 
and AD of textiles using their mechanical and sound 
characteristics by our research group.  
 
Mechanical Properties  
Seventeen mechanical properties of six military 
combat uniform fabrics were measured by KES-FB 
system(Kato Tech, Ltd, Japan) under the standard 
condition (temperature 20±2℃; humidity 65±2%).  
 
Data Analysis 
Pearson’s correlation and stepwise multiple linear 
regression analysis were conducted to examine the 
relationship between SPL, JNS, and AD of fabric 
sounds and mechanical properties and to predict the 
equation models for effective auditory camouflage 
performance. All data were analyzed using the SPSS 
package (Ver. 18.0).  
 
Table Ι. Characteristics of specimens 

Specimens 
Fiber 
comp-
osition 

Yarn 
type 

Fabric 
constru-

ction 

Fabric 
density 
(w x f 
/inch) 

Weight 
(g/m) 

W-S 
 

65/35 
P*/R* Staple Ripstop 92 x 92 20.11 

W-W 
 

65/35 
P/C* Staple Twill 83 x 83 25.18 

W-
WR  

80/20 
P/R Staple Plain 125 x 

125 17.88 

D-F 
 

68/32 
P/C Staple Ripstop 100 x 

100 22.55 

D-
UDT  

75/25 
P/R Staple Twill 75 x 75 25.57 

D-
FR  

50/50 
AD*/FR Staple Ripstop 67 x67 22.84 

*P–polyester, C-Cotton, R-Rayon, AD-Aramid, FR-Flame 
Retardant 
 
Table ΙΙ. Frictional speed and time 
 Frictional 

speed 
(m/s) 

Frictional 
time 
(sec) 

Non-
frictional 
time (sec) 

Dire-
ction 

Front→Back 0.64 0.19 0.19 

Back→Front 0.62 0.19 0.22 

 
RESULTS AND DISCUSSION 
Mechanical Properties of Military Combat 
Uniform Fabrics 
Seventeen mechanical properties were measured. The 
result showed W-WR had the highest value of tensile 
(RT; 71.02%), bending (B; 0.588gfcm/cm2), shearing 
(G; 10.38gfcm/cm2, 2HG; 13.13gf/cm), and 
compression (RC; 76.15%) properties (Figure 1). W-
S had the highest value of surface property (MMD; 
0.029, SMD; 4.13μm). D-UDT was the thickest and 
the heaviest specimen.  
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Figure 1. Mechanical Properties of Specimens

Sound Pressure Level and Auditory Camouflage 

Performance of Military Combat Uniform 

Fabrics

Specimens’ SPL, JNS and AD were shown in Table 
ΙΙΙ. W-WR had the highest SPL. All specimens have 
about 11dB of JNS. Specimen which had the shortest 
AD was D-FR.

Table ΙΙΙ. SPL, JNS and AD of specimens

Specimens

Sound 

Pressure 

Level

(dB)

Just 

Noticeable 

SPL

(dB)

Audible 

Distance

(m)

W-S 64.7 10.8 6.5
W-W 66.1 10.7 8.4

W-WR 70.1 10.9 12.4
D-F 66.5 10.9 10.6

D-UDT 65.2 10.5 5.1
D-FR 65.2 10.5 3.3

Relationship between Sound Characteristics and 

Mechanical Properties

Table ΙV shows the results of the correlation analysis 
of specimens’ SPL, JNS, AD and mechanical 
properties. Tensile resilience (RT) and coefficient of 
friction (MIU) was significantly related factors to 
specimens’ SPL. Shearing properties (G, 2HG) were
included as significantly related parameters to JNS.
AD was affected by shearing (G, 2HG) and surface 
(MIU) properties. SPL, JNS and AD were positively 
correlated. 

Table ΙV. Correlation Coefficients Among All Variables
Specimens

SPL JNS AD

RT .939** .622 .801
G .759 .904* .895*

2HG .824* .837* .987**
MIU -.963** -.774 -.886*
RC .905* .623 .704
SPL 1 .604 .759
JNS - 1 .904*

* : <.05, ** : <.01 

Prediction Models for Effective Auditory

Camouflage Performance
As the result of stepwise multiple linear regression
analysis, SPL was predicted by coefficient of friction 
(MIU) as shown in Table V. SPL was negatively 
related with fabric’s MIU. Shear stiffness (G) was
chosen as the explanatory variable of JNS, even if the 
goodness of fit was low (R2=.771). The fabric with
lower G value is considered that it has more effective 
auditory camouflage performance. AD was 
influenced by hysteresis of shear force (2HG) with 
very high prediction power (R2=.974). The fabric 
with the least 2HG value will have more effective 
auditory camouflage performance. 

Table V. Prediction Models for Mechanical Properties and 
Auditory Camouflage Performance

Y i Xi Ci C0 Adj. R2

SPL 1 MIU -210.570 96.409 .909
JNS 1 G 0.470 10.431 .771
AD 1 2HG 0.707 3.436 .974

CONCLUSION
The results of this study proposed the prediction 
models to develop military combat uniform fabric 
with auditory camouflage performance. The finding 
of this study about JNS was opposite to the previous 
study [3]. It is considered that is because of the low 
prediction power of the equation for JNS used in 
AQEEST (R2=.411). Thus, further study needs to 
investigate specimens’ JNS and AD with the field
experiment. 
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ABSTRACT  
Rowing is an outside water sport and the rower can be 
exposed to splash water, rain, sun and wind. The clothes 
play an important role for the rower’s comfort and should 
protect him from all environmental impacts. Furthermore 
sportswear may affect the performance and efficiency of 
the athlete. 
In order to test the thermal insulation of the rowing shirts 
a dry thermal manikin was used. This manikin has the 
shape and size of an adult human body and it´s heated 
internally to a constant skin surface temperature. All 
shirts of this research (finished and unfinished) were 
tested on this manikin and the results were subsequently 
evaluated and interpreted.  
Summarizing, this paper reports on an experimental 
investigation concerning the effects of water-repellent 
finishing over the thermo-physiological body comfort of 
developed sportswear, measured in terms of clothing 
insulation, for this specific outdoor sport.  
 
STATEMENT OF PURPOSE 
This study is a continuing work of a previous research, 
whereas the former investigation mainly focused on the 
different knitting structure used in rowing shirts and 
consequently the influence of the garment design. The 
previous study did not include a water-repellent finish 
treatment that could influence the thermal comfort, 
especially thermal insulation and for that reason could 
deteriorate the breathability of the shirts. 
As a result, the main subject of this analysis is the 
influence of water-repellent finish on rowing shirts 
regarding thermal insulation. 
 
INTRODUCTION 
Today, clothing is no longer a product to meet our basic 
needs or a tool for aesthetical appreciation. In the recent 
years, the demand for clothes with added functions, in 
particular sportswear, increased and became more crucial 
for users and consumers. It is important that the functional 
garments protect our body from acute changes of physical 
condition [1]. 
Sportswear should be able to protect the wearer from 
external elements such as wind, sun, rain and snow. It 
should be capable of maintaining the heat balance 
between excess heat produced by the wearer due to 
increased metabolic rate. In addition, the capacity of the 
clothing in order to dissipate body heat and perspiration is 
meant to be guaranteed  
Subsequently, the wear comfort of sportswear is an 
important property for a sportsperson. If, for example, an 

active person wears a clothing system with poor 
breathability, heart rate and body temperatures will 
increase more rapidly compared to wearing breathable 
sportswear [2].  
With the help of breathable sportswear it is possible to 
withstand high activity levels for a longer period of time. 
Hence, it is appropriate to describe wear comfort as the 
“physiological function” of sportswear. 
So, thermal interaction between man and environment is 
highly complex, because the person's perception of 
thermal comfort is affected by several parameters, such as 
air temperature, air movement (speed), humidity, 
clothing, activity level, mean radiant temperature (of the 
environment) and many other factors. So, thermal comfort 
stands for the proper relationship between body heat 
production and loss. For that reason, thermal manikins 
can serve research and development in this field, because 
they are widely used for analyzing the thermal interface 
of the human body and its environment [3]. 
Due to the possible exposure to splash water and rain, the 
body of the rower can easily get wet. When the shirt of 
the rower is getting wet his body cools down. To avoid 
this, the shirt could be prepared with a water-repellent 
finish. If a water-repellent finish is applied, it is crucial 
that it will not deteriorate the breathability. A preparation 
based on fluorocarbon is the most used water-repellent 
finish. Fluorocarbon provides fiber surfaces with the 
lowest surface energies compared to other repellent 
finishes in use. It´s a product for water-repellent articles 
based on synthetic fibers and their mixtures with 
cellulosic fibers [4]. The special properties of this product 
are good water and oil repellent characteristics, soft touch 
(even on printed items with pigments) and fastness in 
washing and dry cleaning. Furthermore, the product is 
suitable for applications with spray or in drum machines 
(on the fabricated article). 
 
EXPERIMENTAL APPROACH 
Tested Material 
Several long sleeve seamless sports shirts for rowing 
activity were tested and briefly described in Table I. From 
3 based type shirt, identified as type A, B and C, made of 
more than one knitted structure. Variants of this based 
shirt were produced using only one kind of knitted 
structure in order to understand if the finishing have an 
influence in heat loss on this specific knitted structure.  
The shirt A is from 100% cotton single jersey. 
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TABLE I. Description of the shirts include in the test trial. 
 
 

Composition Knitting structure 

A 100 % cotton Single jersey 
(173,8 g/m2) 

B 60% PA black  
35% PES grey 

5% EL 

knit-float 
combination/jersey 

(171,4 g/m2) 
C 60% PA black 

35% PP grey 
5% EL 

Jersey/knit-float 
combination 
(195,9 g/m2) 

 
In figure 1 are represented the shirt B and the three 
different knitted structures involved: B-1 (knit-float 
combination), B-2 (knit-float combination) and B-3 
(jersey based structure). Shirt B combines these strutures 
in different areas, while shirts B-1, B-2 and B-3 are made 
with only of the knitted structure involved. 

 
FIGURE 1. The different knitted structures of type B shirts-from left to 
right: basic shirt B, B-1, B-2 and B-3. 
 
In figure 2 are represented the shirt C and the three 
different knitted structures involved: C-1 (single jersey-
based structure), C-2 (jersey-based structure) and C-3 
(false rib) located on varying parts of the garment . The 
base shirt type C was produced using the three strutures in 
which structure C-1 is predominant. 

FIGURE 2. The different knitted structures of type Cshirt - from left to 
right: basic shirt C, C1, C-2 and C-3. 
 
Water repellent finish 
Due to the fact that the rower is outside during his activity 
and the possibility of splash water and rain, the shirts 
were treated with a water-repellent finish (WR). All shirts 
of this trial were finished with 5% of a fluorocarbon 
based product. 
 
Test equipment 
The thermal manikin used in this research study is 
installed in the research laboratory of the Textile 
Engineering Department of the University of Minho in 
Portugal. The manikin is divided in 20 thermally 
independent sections and only sense dry heat transfer. 
 
RESULTS AND DISCUSSION 
The comparison of the heat loss values of the body 
segments showed clearly that all water-repellent shirts of 
Group A, B and C have significant less heat loss 

compared to the shirts without a water-repellent finish 
(WR).  

 
FIGURE 3. Heat loss in W/m2 from the thermal manikin with simple, 
combined and repellent finish (WR) knitted structures.  
 
CONCLUSIONS 
After evaluating, interpreting and picturing the results of 
the shirts with the help of the graphs, they were compared 
and the following conclusions can be inferred from the 
test results of the water-repellent samples: 
- The sample A-WR (100% cotton single jersey) is the 
highest insulating structure; 
-The basic shirt B has better heat flux than the single 
knitted structures involved, before and after the water- 
repellent finish (WR). The B-3 structure (PA/PES jersey 
based structure) with and without water repellent finish is 
the most insulating structure for this group. 
- The C , C-1 (PA/PP single jersey) and C-3 (PA/PP false 
rib) structure without water repellent finish are the less 
isolating knitted structure in this group, where C has 
better heat loss in the back, C-1 in the pelvis region and 
C-3 in the chest zone. 
In summary, by comparing the heat loss values of 
different shirts, the shirts including a water-repellent 
finish had a lower heat loss. Thus, it could be interpreted 
that the shirts with the finishing have a higher thermal 
insulation than the shirts without a finishing and so 
diminish breathability. In the future, we will test another 
water repellent finish to optimize the behaviour between 
heat loss and breathability of the rowing sportswear, 
focusing mainly on knitted structure C that permit higher 
heat loss and reevaluate the distribution of the structures 
C-1, C-2 and C-3 in the composed basic C shirt. 
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STATEMENT OF PURPOSE

The purpose of this study is to analyze the impact 
penetration performance of protective materials exposed 
to hot water splash. The intention was also to investigate 
the effect of water temperature and impingement angle on
the water penetration performance. 

INTRODUCTION

Industrial workers of oil and gas industry are at risk of 
steam, hot water and drilling mud scald burn injuries 
(Rohit et al., 2008). When hot liquid is sprayed on 
protective clothing, the energy is transferred by 
conduction and penetrated liquid. Due to the high heat 
capacity of hazardous liquid, the energy transmitted by 
small liquid splash is pretty high. Based on the analysis of 
collected burn injury data, the hot liquid hazards present 
in current work environments are shown to be a 
considerable risk in workplace safety for numerous 
industries. It has been found the mass transfer during hot 
liquid splash bench scale test is the most important factors 
influencing protective performance (Farzan et al., 2012). 
Therefore, the thoroughly investigation on the penetration 
performance of protective materials is considerable. 
The liquid penetration of fabric is usually evaluated by 
hydrostatic pressure test (AATCC 127) and impact 
penetration test (AATCC 42, ISO 18695). For the fabric 
used in protective clothing, the hydrostatic pressure test 
condition is almost impossible to encounter, except for 
immersion suit. The impact penetration relatively accords 
with actual wear condition. Generally, the temperature of 
exposure fluids is much higher than temperature of 21 or 
27oC prescribed in standard test. The effect of temperature 
up to 37oC on penetration performance of surgical gown 
fabrics has been investigated (Cao and Cloud, 2010). 
Actually, the temperature of the liquid in standard test 
cannot be easily control. The hot liquid splash with 
pressure cannot be simulated in the standard. While 
wearing protective clothing, the hot liquid will impinge 
the fabric in various directions, whether the interacting 
angle affects is still unknown.

EXPERIMENTAL

Test fabrics

A variety of commercially available permeable, semi-
permeable and impermeable fabrics used in protective 
clothing were employed in this study. The detail 
specifications were shown in Table I.

Table I. Specifications of test fabrics
Fabric 
code

Fiber content Weave
Weight
(g/m2)

Thickness
(mm)

N-FRC 
88%cotton, 
12% nylon

twill 301 0.67

B-FRC 
88%cotton, 
12% nylon

twill 305 0.69

Nomex 100% Nomex plain 180 0.58

K-PBI 
40%Kevlar,6

0%PBI
basket 212 0.46

PU PU coated 260 1.19
TL Nomex quilted 339 1.08

Test apparatus and method

To well understand the performance of protective 
materials associated with liquid penetration resistance, 
modified hot liquid splash tester was employed, as shown 
in Figure 1. The water was heated to 27oC, 55oC and 85oC 
respectively. The total volume of hot water was controlled 
to 0.8 liter. Impingement angles of 20o and 45o to 
horizontal were employed. The blotter paper 
recommended in Standard AATCC 42 was located behind 
the test fabric to absorb the penetrated water. The weight
of the blotting paper before and after test was both 
measured. The weight difference of test fabric was 
calculated.

Figure 1. Schematic of impact penetration tester

RESULTS AND DISCUSSION

The water stored and penetrated through the fabric 
systems were analyzed at different temperatures and 
interacting angles.  

Effect of temperature on penetration performance

The water penetration of single fabrics at different 
temepratures was compared in Figure 2. It is indicated 
that the penetration amount sharply increases with the 
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temperature, especially as the temperature rises from 27oC
to 55oC. The penetration resistance of Nomex is the worst
except at the low temperature, and the PU shows the best
performance. The water cannot easily penetrate through 
Kevlar/PBI even at high temperature. When hot water 
sprays on the surface of Nomex, it spreads and penetrates 
quickly, and thus the protective performance is low, i.e. 
nearly half of the exposure water (49%) is penetrated. The 
high performance of K-PBI may be related to basket 
woven structure and surface roughness. It was observed 
that water flows quickly and doesn’t spread when hot 
water sprays on the surface. However, the temperature 
doesn’t show obvious effect on this fabric. The N-FRC 
and B-FRC have the same fiber content, similar thickness 
and weight, and the weave structures are twill, but they 
show significantly different performance. It demonstrates 
the impact of surface property is very important. It seems 
that the high temperature of water causes worse damage 
to B-FRC.  

Figure 2. Water penetrations of single fabrics with 45o

However, when water is 27oC, the maximum penetration
in this study is lower than 3g, and the difference among 
fabrics is low. As known, the water surface tension and 
kinematic viscosity decrease with high temperature.
Therefore, water penetration resistance decrease, resulting 
in more water penetrated. Additionally, the finishing and 
surface properties of fabrics may be changed by water at 
high temperature. The above results indicate that the 
water temperature greatly affects impact penetration 
performance. 

Figure 3. Penetration performance of double layer

Figure 3 indicates the penetration of double layer 
significantly increases as the temperature increases from 
55oC to 85oC, which is different from that of single layer.
When the thermal liner is added to shell fabrics, the 
overall performance will increase, compared with Figure 
2. It is inferred that the thermal liner slows down the 

water penetration. Actually, more water is stored in the 
fabric system. In addition, the moisture barrier is critical
to prevent the water penetration. There is a little weight 
increase in blotter paper as a result of the vapor 
condensation. 

Effect of angle on penetration resistance

          
Figure 4. Comparison of penetration performance with 
different angles at 55oC 

Normally, hot water interacts with clothing in different 
directions. The effect of angle on the penetration 
performance was compared in Figure 4. It is obviously 
that both the water absorption in fabric and penetration 
are higher when the angle is 20o to horizontal. The contact 
angle between hot water and fabric surface may be 
influenced by fabric position. The gravity component 
contributes to the flow velocity. The higher the angle is, 
the faster the water flows, and thus the lower water 
absorption and penetration performs.

CONCLUSIONS

The results indicate that water temperature has great 
effect on the impact penetration of fabrics. Different 
fabrics show different performance. Adding layers 
improves the penetration resistance. The interacting angle 
also remarkably impacts the water absorption and 
penetration.  

FUTURE WORK

The impact penetration resistance depends on many 
factors such as liquid properties, material properties,
temperature, interacting angle, pressure and durations.
The complicated impact penetration resistance of 
protective materials will be analyzed and the relationship 
between penetration performance and thermal protective 
performance will be established. 
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INTRODUCTION 
Protective clothing can store a large amount of thermal 
energy when exposed to thermal hazards. After exposure, 
the thermal energy that is stored within the garment may 
be discharged naturally or by compression of the garment 
against human body before the protective clothing system 
cools off. This phenomenon may cause skin burn injuries. 
A considerable amount of attention in the protective 
clothing industry has been drawn to provide protection 
against convective and radiant exposures; stored energy 
within the garment was the next challenging avenue for 
the researchers to explore.  Some studies have been done1-

4 on the thermal stored energy within garments that may 
be discharged naturally or by its’ compression resulting in 
a second degree burn. In their research1, Song et al. 
ascertained that the amount of stored energy obtained 
during thermal exposure could be discharged during the 
cooling period through compression and cause skin burn 
injuries under low and very low radiant exposure. In 
addition, they claimed that stored thermal energy released 
from the fabric systems lowers the performance of the 
thermal protective clothing1, 2. In their latter study, Song 
et al. further introduced a minimum exposure time (MET) 
that caused a prediction of a second degree burn. They 
added that the stored thermal energy contributes a large 
proportion of the total energy required to cause a second 
degree burn4. 
 
Although some work has been performed to understand 
the mechanisms and relevant factors associated with 
thermal protection provided by clothing systems, there 
have been few studies regarding the nature of thermal 
stored energy in fabric systems and the thermal protection 
levels expected from them. On the other hand, in ASTM 
standard F 2731-10 (Standard Test Method for Measuring 
the Transmitted and Stored Energy of Firefighter 
Protective Clothing Systems) an iterative method was 
employed to find the minimum exposure time required for 
skin burn injury. This method needed several repeated 
tests and each test required time, cost and effort. In this 
study, a new approach was introduced to predict the 
minimum exposure time that causes the second degree 
burn by two tests. Using this approach, a stored energy 
coefficient (SEC), which demonstrates the proportion of 
the discharged energy (cooling phase) in skin burn injury, 
was also introduced to evaluate the minimum protection 
of fabric systems upon hot liquid. Minimum exposure 
time required for skin to obtain a second degree burn was 

calculated by the stored energy model presented in this 
study. The calculated minimum exposure times to cause 
second degree burn were verified by the MET approach 
test to show the validity of the model. By employing the 
aforementioned criteria to find the minimum exposure 
time, thermal behavior of the fabric systems, considering 
stored energy (after exposure till it naturally cools down 
to the room temperature), and its contribution to skin burn 
injury were analyzed. 
  
APPROACH 
The fabric systems that were selected for the purpose 
represent the thermal protective garments worn by 
firefighters and industrial workers and evaluated under 
laboratory simulated hot liquid splash tests (Table I). 
 
Table I. Structural features of the fabrics. 
 

Fabrics Fiber content Weave 
Structure 

Surface 
Property 

Fabric A 60% Kevlar/ 
40% PBI 

Plain Finished 

Fabric B Blue FR fabric Twill Finished 
Moisture 
Barrier 

Vapro® 
Nomex+ Poly-

Urethane 

Plain ----- 

Thermal 
Liner A 

100% Nomex® Fleeced napped 
both side 

----- 

Thermal 
Liner B 

100% Nomex® Quilted ----- 

 
The fabric systems were exposed at an angle of 45 
degrees to water at a flow rate of 1000ml/30sec to gauge 
the effect of the thermal stored energy and fabrics system. 
The test apparatus was equipped with three skin simulant 
sensors mounted on the sensor board to catch the flow of 
the liquid. The data acquisition system recorded the 
calorimeter output and the programmed software was 
employed to obtain the second and third degree burn 
times using the Henriques’ burn criteria5. 
 
The following procedure was implemented: For the first 
test, the specimen was exposed to hot water until the 
second degree burn occurred (Burn time approach). The 
second test was run using the second degree burn time 
determined from the first test as the exposure time. This 
was manipulated to make sure that second degree burn 
and exposure end took place simultaneously to minimize 
the exposure effect on cooling period’s stored energy. The 
data acquisition system continued recording the 
discharged energy in the system for 120 seconds after 
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exposure had ended. Based on the discharged and the 
transmitted energy, minimum exposure time was 
calculated for each specimen (Cooling phase 
approach).The third test was run with the calculated 
minimum exposure time to find the predicted minimum 
exposure time (MET approach). 
 
RESULTS AND DISCUSSION 
The stored energy coefficient (SEC) which demonstrates 
the proportion of the discharged energy (cooling phase) in 
skin burn injury was introduced to examine the stored 
energy within the fabric system during the cooling phase. 
Based on the stored energy coefficient (SEC), the 
minimum exposure time (MET) that causes a second 
degree burn was calculated employing the stored energy 
model (Equation 1) where 2ndq  is the thermal absorbed 
energy by the skin when the second degree burn occurred,  
ψ  is the stored energy coefficient,  q  is heat flux and 

METt  is the minimum exposure time (MET) that caused a 
prediction of a second degree burn. 

   2 (1 ) MET

o

t

nd t
q qdtψ− = ∫    (1) 

The calculated METs were verified for the fabric systems. 
The predicted and calculated data used in the analyses 
shown in Table II is the average of three tests derived 
from selected fabrics S-1 (Fabric A), D-1 (Fabric A+ 
moisture barrier) and M-1 (Fabric A + moisture barrier + 
thermal liner A) within each fabric system. 
 
Table II. Data obtained from the upper sensor exposed to hot 
water in the presence of the selected fabrics within the fabric 
system. 

 
The percentage of error obtained from the calculated and 
predicted minimum exposure time shows agreement with 
the stored energy model. However, the heat loss from the 
exposed surface of the fabric after exposure ends until the 
burn occurs might cause some errors. When exposure 
ends, not all of the thermal stored energy discharges to the 
skin and some is lost from the surface of the fabric via 
convection. 
 
 Analyses of the heat flux and the energy absorbed by the 
sensors during the cooling phase (after the end of the 
exposure) and the stored energy coefficient showed that 
stored thermal energy contributes significantly to the 
second degree burns. Key factors that influence the 
thermal stored energy coefficient are: the fabric’s air 
permeability, thickness, and surface finishing. Although 
mass transfer is the most important factor in hot water 

splash, with the determined exposure time and flow rate 
for the fabric systems, no mass transfer was traced. 
However the bulk hot water motion through the porous 
structure of permeable fabrics enhances the heat transfer 
and decreases the thermal performance of thermal 
protective clothing upon hot liquid splash. 
 
CONCLUSION 
In this study, the stored energy coefficient (SEC) and the 
stored energy model were introduced. The calculated 
minimum exposure times to cause second degree burn 
were compared by the MET approach test and results 
showed agreement with the model. By employing the 
described criteria to find the minimum exposure time, 
thermal behavior of the fabric systems, considering stored 
energy (after exposure till it naturally cools down to the 
room temperature), and its contribution to skin burn 
injury were analyzed. The understanding of the amount of 
thermal discharged energy to the skin (stored energy) 
obtained from this work will enable the engineering of 
textile materials to achieve high performance protection 
against thermal hazards. 
 
FUTURE WORK 
The focus of this study was to analyze the stored energy 
within the garment and the cooling period thermal energy 
contribution to skin burn injury upon hot liquid splash. 
However, in an actual scenario, firefighters and industrial 
workers may be exposed to a combination of different 
thermal exposures. In a future study, analysis of the stored 
energy in protective clothing against different hazards 
(such as hot surface contact, convection, radiation, steam, 
and molten substance splash) is required for effective 
thermal protection.  
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Fabric Exposure 
Time (s) 

2nd 
degree 
Burn 
Time 

(s) 

Stored 
Energy 

Discharged 
(kJ m-2) 

SEC 
(ψ ) 

MET 
(s) 

 

MET 
(Experiment) 

(s) 
 

MET       
Total 

Energy 
Transmitted 

(KJ/m2) 
S-1 3 2.79 68.54 0.98 0.36 0.40 65.09 
D-1 19 18.12 44.98 0.38 11.75 12.17 122.70 

M-1 35 33.55 34.38 0.25 25.92 28.33 142.15 
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PURPOSE 
The purpose of this project is to develop electronic textile 
(eTextile) cables and to produce a personal area network 
(PAN) for advanced soldier systems.  
 
INTRODUCTION 
QinetiQ North America, Inc.’s Technology Solutions 
Group (QNA TSG) has been a pioneer in the development 
of eTextiles for RF, high data rates and power 
transmission applications. The combination of textile 
form factors with electronic functionality provides the 
unique ability to create flexible electronic systems that 
can be built in a variety of sizes. QNA TSG’s essential 
development has been the use of narrow fabric cables 
(knit, woven, braided) to route power and/or data around 
the body, which eliminates the need for complexity in the 
manufacture of garments by eliminating discontinuities in 
electrical connection across seam boundaries. Narrow 
fabric eTextile cables can also be applied to the garment 
after construction and can be retrofitted to current military 
and civilian systems. 
 
QNA TSG owns patents for the design of flat cables 
which employ conventional wires or conductive threads 
and yarns to form power- and data-carrying components. 
 
QNA TSG’s approach of adapting eTextiles to the user and 
the use model has resulted in many solutions for routing 
data and power conductors around a soldier’s ensemble. 
The focus has been to develop integrated elements that do 
not impact user performance in any way; the goal is ‘wear 
and forget.’ The sensors and conductors are designed to be 
conformal: no snag points, reduced profiles and minimal 
body standoff. 
 
APPROACH 
Round polymer jacketed cables (Figure 1) offer a known 
technology with a proven track record but have 
limitations when used in wearable applications. Current 
military PAN cables tend to be heavy, bulky and 
uncomfortable. This is particularly true when they are 
worn for extended periods of time or slept in. They are 
typically stiff and have round profiles that cause excessive 
bearing pressure on the body. These cables also tend to 
have insufficient bend relief, and mate with system 
components at odd angles resulting in lengths of the cable 
not contacting the body which in turn results in a snag 
hazard. Attempts to correct this problem through cable 
control often result in undesirable levels of strain being 
transferred to the connector.  Connectors are critical to all 
cable designs.  The size of the connector is clearly driven 
by the application and number of conductors in the cable.   

 
Figure 1: Conventional round cables 

 
eTextile cables (Figure 2) are manufactured using 
conventional narrow weaving equipment and processes 
with only minor modifications. As a result, these cables 
are inexpensive and easy to tailor to particular 
applications and user needs. Depending on the design, 
they may also be easier to route through clothing and 
around hardware without transferring strain to either the 
wearer or the connectors (Figure 3). As previously 
mentioned, the size of the connector is driven by the size 
(number of conductors) of the cable.  Using flat 
connectors would allow lower cable profiles as compared 
to using round connectors; however, flat eTextile cable 
connectors are not standard. Therefore, the connectors 
need to be designed for the specific requirements. 
 

 
Figure 2: Two examples of eTextile cables/connectors 

 

 
Figure 3: Routing of eTextile cables through military 

armor vest 
 
QPAN (QNA TSG Personal Area Network) was 
evaluated at a Network Integrated Evaluation (NIE) event 
in November 2011 to assess capabilities in a robust 
operational environment to determine whether it performs 
as needed, and conforms to the network architecture and 
interoperability with existing systems.  



 
RESULTS AND DISCUSSION 
While the ergonomic and integration advantages of the 
eTextile cable management platform are evident, an 
equally important criteria for a viable cable management 
system is affordability. The system needs to be affordable 
both in terms of up front procurement cost as well as the 
long term life cycle support costs. The cost analysis 
shows that the procurement costs of QPAN cables are 
essentially identical to round cable equivalents with the 
bulk of the cost residing in the connectors that are 
specified by the customer(s). However, QNA TSG thinks 
that the life cycle support costs for a warfighter borne 
cable management system will be exceptionally high, 
bordering on unaffordable, if the solution is not driven to 
conform to typical clothing system standards. The team 
has demonstrated that the eTextile platform, when 
compared to round cable equivalents, provides superior 
ruggedness and performance in key tests such as tensile 
strength (Figure 4) and abrasion resistance (Figure 5). 
This performance augments the demonstrated electrical 
performance (Figure 6) of the QPAN cables. 

Figure 4: 1” wide QPAN USB cable demonstrated 
~2000 Lbs tensile strength 

 

 

Figure 5:  QPAN cable still functional after 2000 
Cyclic Bend over Hex cycles 

 

Figure 6: Electrical testing of eTextile Cables passes 
shielding effectiveness target. 

 
QNA TSG has deployed hundreds of cables into recent 
testing at NIE and other events and have not seen any 
performance issues emerge. 
 
CONCLUSIONS 
eTextiles are a viable technology to address the 
significant cable management challenges faced by soldier 
modernization programs. Feedback from users has been 
extremely positive, particularly with the ergonomics of 
the integration with body armor vests and other soldier 
ensemble elements. 
 
FUTURE WORK 
Work continues on the advancement of QNA TSG’s 
eTextile cable platform. Key next steps are to see the 
cables deployed in statistically significant quantities and 
to subject them to extensive reliability testing such as 
MIL-STD-810G and MIL-STD-461F. 
 
KEYWORDS 
Electronic Textiles; eTextiles; Soldier Systems; Personal 
Area Network; PAN. 
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ABSTRACT 
Carbon fibers were produced from two rayon 
precursors by controlled pyrolysis process after 
impregnating with H3PO4. The effect of 
pretreatment with phosphoric acid, time, 
temperature and tension during stabilization was 
studies systematically. The results showed that 
the impregned fibers underwent pyrolysis at a 
much lower temperatures. It was also observed 
that drastic change of weight loss and 
discoloration occur simultateously.The  
mechanical properties of the carbonized fibers 
improved by stretching during high temperature 
treatment.  
 
INTRODUCTION 
Carbon fibers are generally produced from one 
of the three precursors, rayon, polyacrylonitrile 
(PAN) and pitch. Although rayon was the first 
precursor used, most of the commercial fibers 
today are produced from PAN or mesophase 
pitch. However, the rayon-based carbon fibers 
have some unique properties and are of 
continuing interest for certain applications. The 
viscose grade is usually used for carbon fiber 
production because of relatively fewer defects 
[1]. The cellulose based carbon fibers present a 
space network structure with high disorder that 
gives the fibers a very low thermal conduction 
coefficient and the ability to be used in many 
applications.  
The transition of rayon fibers to carbon fibers 
consist of oxidation in air at lower temperature 
(<300°C) also known as pyrolysis (thermal 
degradation); carbonization and graphitization in 
an inert environment at higher temperature up to 
3000°C [2].  
It is essential to understand the effect of catalysts 
or impregnants as well as the effect of time, 
temperature, tension, and protective medias, 
during both pyrolysis and carbonization stages. 
Studies showed that the final product in the 
preparation of rayon-based carbon fibers is 
influenced to an extent by each of these variables 

[3, 4]. It includes the physicochemical process 
and changes in the properties of the product. One 
can improve the produced fiber by stretching and 
maintaining tension during carbonization and 
graphitization by promoting axial orientation of 
the carbon layers. 
In the present work, two rayon fibers were 
evaluated as precursors for production of carbon 
fibers. A detailed consideration was given to the 
effect of phosphoric acid pretreatment on the 
process and the structure and properties of fibers.  
 
EXPERIMENTAL 
A commercial grade rayon fiber was obtained 
from Lenzing, Austria and experimental rayon 
from Advanced Cerametrics, Lumberton, NJ, 
USA. Phosphoric acid from Fisher Scientific of 
85% assay was used. The rayon fibers were 
impregnated with 1 normal solution of 
phosphoric acid and were dried at room 
temperature for 1 hour after removal from the 
acidic bath. The stabilization temperatures were 
from 110°C to 380°C in air in a tubular furnace. 
A light tension was applied during the process. 
At the end of stabilization stage, the air was 
switched to ultra high purity nitrogen. The 
stabilized samples were then carbonized up to 
temperatures of 1100°C under tension. 
The fibers were characterized using color 
change, fiber diameter and burning behavior. 
The thermal analysis was complete by using the 
Mettler DSC and TGA. The fiber cross-sections 
and surface morphology were observed and 
micrographs were generated using SEM. 
Elemental analysis was carried out on selected 
samples to confirm the carbon content.  The 
fiber’s orientation was characterized by X-ray 
diffraction. Single fiber tensile test was 
completed using an Instron type tensile tester.  
 
RESULTS AND DISCUSSION 
Pre-oxidation in air is favorable to the 
dehydration and results in higher quality and 
yield of carbon fibers. The difference from the 
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untreated rayon, the soaked one shows a much 
lower starting temperature and faster rate of 
dehydration reactions. Most of the volatiles are 
released in the temperature range of 150 to 
250°C (figure 1). At the same time, the weight 
loss increases rapidly after 200°C.  The color 
change was recorded as white, yellow, deep 
yellow, brown, dark brown and dark as the 
temperature increases. The color change and 
weight loss are characteristic of dehydration and 
pyrolysis. The dehydration is associated with 
shrinkage and decrease in fiber diameter.  

 
Figure. 1 TGA curves of the precursor, treated 
precursor, stabilized sample, and carbonized 
sample 
 
Figure 2 shows the SEM images of the treated 
and untreated carbon fiber. It can be found that 
SEM delineated much smother surface of fibers 
treated with phosphoric acid; while rougher 
surface for untreated fibers. The main reason for 
the difference is that during pyrolysis, the 
reactions occuring are accelerated throughout the 
fiber by the presence of the acid. The acid also 
catalyzes the dehydration reactions. When the 
fibers are treated with phosphoric acid, the 
pyrolysis reactions proceed from fiber surface to 
fiber core with a tempered speed. The surface 
protection by phosphoric acid is due to nbetter 
control of diffusion kinetics, thus preventing the 
formation of the skin-core structure of carbon 
fibers.  

  
Figure. 2 SEM micrographs of untreated and 
treated rayon fibers after oxidation 
 
After stabilization, the samples were thrust in 
flamme and the samples that did not burn, were 
succeptible to carbonization. The carbon content 

increases with treatment time, temperature and 
tension applied during carbonization. It seems 
that the high % carbon yield results from the 
acidic treatment. X-ray results show that the 
precursor is fully oriented but at the end of 
oxydation, it become amorphous and the entire 
crystalline structure disappeared. 

    
Figure. 3 X-ray patterns of precursor, stabilized 
and carbonized samples 
 
The tensile strenght of the fibers increases with 
the load applied during carbonization and the 
temperature. The higher values are obtained at 
higher treatment temperature.   
 
CONCLUSIONS 
The effect of pretreatment with phosphoric acid, 
time, temperature and tension during 
stabilization was analysed. During pyrolysis, as 
dehydration accompanied by decomposition. 
Takes palce, the rayon fiber losses it crystalline 
structure. The usage of phosphoric acid favors 
the carbon yield and surface morphology. The 
overall mechanical properties are improved with 
high temperature treatment and strecthing during 
carbonization. 
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Replacement of fibers with high-performance tapes 
and foils in long-fiber reinforced plastics opens the 
door to a new generation of composites. An assembly 
of stacked tapes is far superior to structures based on 
fibers, as they need a lower amount of adhesive for 
bonding the individual layers. Volume fractions of 
foils in excess of 80 % are readily achieved and 
therewith thinner and lighter structures become 
feasible. 
 
A new process for the production of unidirectional 
tapes and foils of liquid-crystalline polymers is 
presented. In particular, it is shown that unidirectional 
foils of Vectra® LCP produced by this route yield 
composites with superior mechanical properties, as the 
high-performance unidirectional tapes can be bonded 
to each other without any matrix material. 
 
We present a novel route for manufacturing high-
performance polymer foils consisting of, among other 
materials, Vectra® LCP [1-5]. This enables production 
of composites with a 20 % higher high-performance 
polymer content than currently available on the 
market achieved with spread-fiber technology [6-8] 
(see Figure 1). The resulting products exhibit a 
previously unavailable performance per weight ratio. 
In addition, replacement of traditional spread-fiber 
tapes with our foils in composites removes the time-
consuming and expensive processing step of 
spreading, leading to a more efficient production at 
reduced costs and enhanced performance [9]. 
 
Replacement of fibers with tapes in long fiber 
reinforced plastics opens the door to a new generation 
of composites. Among the reasons for this is simply 
the approximately cylindrical geometrical form of 
fibers: one also does not use round stones to build a 
wall but rectangular bricks to reduce the amount of 
mortar needed. In other words, a structure composed 
of stacked tapes is far superior to those based on 
fibers, as they need a smaller amount of adhesive for 
bonding the individual layers together. In this way 
volume fractions of foils in excess of 80 % are readily 
achievable and therewith thinner and lighter structures 
are feasible. 
 

 
 
Our patented process enables us to create 
unidirectional foils with mechanical properties in the 
range of aluminum (Young’s modulus 70 GPa) (in the 
tape direction) at half the specific weight. Currently, 
tapes are produced with a thickness in the range of 2 
to 20 µm (Vectran®-fiber ~ 20 µm) and at widths from 
20-120 mm. This production process is conducted 
with standard extrusion equipment and is a one step 
process that is run on our pilot line at speeds of up to 1 
meter per second. As the thickness of the tapes is 
limited only by the construction of the extrusion 
equipment, basically any desired thickness and width 
is achievable with our technology, without scale-up 
issues. 
 
In addition to excellent tensile characteristics that are 
identical to fiber made from the same polymer, an 
additional property which differentiates our tapes from 
all other high-performance materials available on the 
market is that there remarkably high damping 
(E’’ 3 GPa), which is two orders of magnitude higher 
than, for instance, carbon fiber composites. This is a 
crucial property in composites structures that 
experience vibrations like, for example, cars, planes, 
boats and sporting goods. Furthermore, our foil 
displays exceptional barrier properties against 
humidity and permeation of different gases. Unlike 
other barrier films these properties are not sensitive to 
influences of water absorption. Remarkably, they also 
are highly transparent. 
 
A new generation of composite objects can now be 
realized with our foils. The tapes can be stacked in any 
desired orientation on top of each other and during a 
heat treatment under pressure the individual tapes 
“crosslink” by the growth and branching of the 
individual molecules: The chains increase in length 
and connect the individual plies with each other. 
Hence, composites result without any matrix material 
- which translates to a 100 % volume fraction of high-
performance polymer fiber of equivalent 
characteristics (see Figure 2). Envisioned fields of 
applications include bulletproof vests and panels, 
reinforced tires, ropes, composites in aviation, 
aerospace, automotive, marine and construction 
industries. 



 

Vf max ~ 65 %vol. Vf max ~ 80 to 90 %vol.

fibers foils
matrix

fiber

interface

 
Figure 1: Comparison of a composite of stacked foils and woven fibers. 

 

A B

 

Figure 2: Ultra-light structures; created without the use of an adhesive: A: flexible 4-ply laminate (0/45/-45/90), thickness: 
20 µm. B: tube, diameter: 25 mm, thickness: 0.1 to1.5 mm. 
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ABSTRACT 
Based on previous research on the dynamic model 
of polyester POY (Partially Oriented Yarn) melt 
spinning and the hot-roller drawing process, an 
engineering melt spinning simulation model for 
polyester FDY (Fully Drawn Yarn) was built and 
verified with the data from production line. 
Furthermore, a nonlinear four components model 
was proposed and the quantitative relationship 
between spinning process conditions-filament 
structure-performance was established in this 
paper. 
 
INTRODUCTION 
Most of previous reported model can only calculate 
the fiber structure parameters through the spinning 
process, but can't predict the final performance of 
fiber. With the development of melt spinning 
technology, new materials, new technology, and 
new products emerge in endlessly, it is urgently 
need to develop an engineering spinning model, 
which can be used to optimize the technology of 
normal product process to improve the fiber 
quality, and lay the foundation of the development 
of new technology and new product at the same 
time. The aim of our studies on polyester FDY 
melt spinning is to build an engineering melt 
spinning model combined with the dynamic model 
and the mechanical model with the function of 
fiber mechanical properties prediction.  
 
MATHEMATICAL MODELS 
The process of polyester FDY melt spinning can be 
considered to be two parts: before cluster point and 
after cluster point. Fiber processing in the part 
before cluster point is similar to POY. While fiber  
forms bundle after cluster point, and usually it will 
be further drawn between the hot rollers GR1 and 
GR2 as shown in Figure 1. At the same time, the 
stress, temperature, the orientation and 
crystallization of yarn bundle changes dramatically 
after the cluster point.  The processing model for 
hot rollers drawing should be revised accordingly. 
To simplify the simulation, the yarn bundle is taken 
as coarse filament with radius of (2N-1)r, where r 
is the radius of monofilament, and N is the layer 

number of holes in spinneret. The revised model 
can be seen in Table I.  

     
 
FIGURE 1. Simplified scheme of hot-rollers drawing in FDY 
process. The FDY bundle is  
  
TABLE I. The hot roller drawing Model of FDY Melt Spinning 
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From the above dynamic model, we can get the 
information of fiber structure from process 
conditions, such as degree of orientation and 
crystallinity, however people would like to know 
the fiber mechanic properties even more. The 
stress-strain curve (S-S curve) of the fiber reflects 
the process of load and elongation relation by 
gradually increase axial force and produce 
extensions to final fracture[4]. It could obtain a 
series of important fiber mechanical properties. In 
this paper a nonlinear four components model, 
which composed of linear spring, nonlinear spring 
and a Maxwell model shown as Figure 2, was 
chosen to simulate the yarn tensile S-S curve.  
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FIGURE 2. Nonlinear four components model. 

 
Considering the effect of the degree of orientation 
and crystallization on fiber mechanic properties, 
following equation was obtained from the 
nonlinear four components model.    
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Based on the measured  S-S curves of various 
filaments and the Optimization algorithm 
combined the Levenberg-Marquardt method (LM) 
with General Global Optimization algorithm 
(Universal Global Optimization-UGO), the 
constants in Eq. (1) can be obtained with nice 
universality.  
 
RESULTS AND DISCUSSION  
Figure 3 shows the changes of temperature, 
velocity, orientation and crystallinity of polyester 
FDY 83dtex/72f along with spinline. The 
simulation conditions were taken from the practical 
production line in Baihong Co. Ltd. The bias of 
simulated and measured value at point 5 shown in 
Figure 1 was lower than 10%. For the other 
specification of FDY, similar results were 
obtained, which verified the preposed model.  
 
With the calculated orientation and crystallinity 
from FDY dynamic melt spinning model, and  
obtained constants c1~c11 in Eq. (1), the simulated 
S-S curve can be achieved as shown in Figure 4. 
Like measured S-S curve, the elongation and 
strength at breakage can also be read from the 
simulated S-S curve. There was difference between 
the measured and simulated curve, especially at the 
end part of the curves. The real drawing process of 
polyester yarn is so complicated and the preposed 
non-linear four components model has its 
limitation.  
 
CONCLUSIONS 
An engineering model combined with dynamic 
melt spinning model and mechanic properties 
model for polyester FDY was proposed. The 

process of FDY melt spinning was simulated by 
using these models, and the bias in simulation 
between numerical simulation and actual measured 
values is within 10%. It was proved to be able to 
forecast the actual processing, optimize the 
technology to improve the fiber quality, and lay the 
foundation to develope new technology and new 
products. 

 
 

FIGURE 3. Simulated temperature (a), velocity (b), orientation 
(c), crystallinity(d) of polyester FDY 83dtex/72f along with 
spinline. 

 
FIGURE 4. Comparison of measured and simulated S-S curve 
of polyester FDY. 
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OBJECTVE 
Besides considerable progress in the direct web spinning 
processes (melt blown, electrostatic spinning centrifuge 
spinning) to produce nonwoven materials with finest 
fibers, success has been reached as well in the formation 
of filament yarns and staple fibers close to the sub-
micrometer range.  
The centrifuge spinning reached the production process 
level and actually developments are ongoing for 
applications in technical fields (filtration, isolation, 
battery separators etc) and in medical technology. The 
melt blow technology is going down to 0,2 µm but still in 
laboratory scale. The filament and staple fiber spinning 
yet is still bound to the 1 µm range. The bicomponent 
technology is needed here and a matrix has to be 
dissolved or the fibers are to split. The challenges are to 
do this environmental friendly as well as to allow 
processing on standard textile machinery. 
The presentation will show the newest developments at 
the ITV with regard to the special features and the still 
existing technical limitations. 
 
INTRODUCTION 
In the last years the importance of finest fibers for 
filtration has been shown many times. One major effect is 
the reciprocal linear increase of the fiber surface at 
decrease of fiber diameter considering constant web 
weight and porosity. The increase of pressure drop has to 
be taken into account for higher web weights. Looking at 
so called nanofibers with about 100 nm only webs less 
than 1 g/m² (fixed on any filter media) don’t contribute 
significantly to the pressure drop At these low web 
weights the total surface of the finest fibers is little. 
Another effect is to be made responsible for dramatic 
improvement of filtration efficiency on air filtration: The 
blocking of larger pores by the finest fibers (in a size at 
which non slip conditions for the air flow apply) effects in 
filtering even small particles in the so called MPPS (most 
penetrating particle size; 0,1 – 0,3 µm). The formation of 
a filter cake is enhanced. 
The major technology to produce these fibers has been the 
electrostatic spinning. Donaldson Inc, USA 
(http://www.donaldson.com/index_de.html) is considered 
as the market leader and historically the first company 
using the effect of finest fibers since the 1970s. Elmarco 
srl., Czech Republic announced in 2005 as a machine 
producer the first commercially available electrospinning 
plant with considerable productivity. 
Productivity is the major drawback of the electrospinning 
technology. At the ITV, together with Reiter GmbH, 
Winnenden the centrifuge spinning technology has been 

developed as a productive alternative. It was restricted to 
the solution spinning process as the melt blown 
technology was going to fibers significantly lower than 1 
µm as well. Both technologies have in common that they 
are used for nonwoven production.  
There is need for filaments and fibers in the 1 µm and 
submicrometer range as well. Finest conventionally spun 
microfibers are from Advansa 167 f 300 (0,55 dtexpf 
7 µm), Korteks 150 f 288 (0,52 dtexpf; 7 µm) and Trevira 
50 f 192 (0,26 dtexpf; 5 µm). 0,3 dtex per filament is 
being considered as the lowest reliable by economic melt 
spinning1. 
Despite the basic technologies to produce smaller fibers 
by islands-in-the-sea (IiS) are existing, it lacks on real 
developments and availability of the fibers in Europe. In 
2011 Teijin Fibers launched the polyester fiber 
NanofrontTM with 0,7 µm. The ITV has focused on the 
bicomponent spinning to develop environmentally 
friendly process for 1 µm fibers. 
 
APPROACH  
1. Melt Blown 
Briefly, Melt Blown is forming fibers from polymer melt 
by a high velocity air stream at the exit of the spinning 
capillaries. Typically PP and PBT are the used polymers. 
Mean fiber diameters down to 0,4 µm² and 0,2 µm³ were 
reported respectively.  
 
2. Centrifuge Spinning 
Centrifuge Spinning is based on polymer solutions which 
were processed to fibers by a high rotation centrifuge 
(NanoBell, Reiter GmbH; Germany). Typical polymers 
are polyamide, polyacrylonitrile, polyvinyl alcohol. More 
recently polyvinylidene fluoride PVDF and cellulose 
acetate CA are processed. Fibers are going down to 0,1 
µm mean value. 
 
3. Bicomponent Spinning 
For the development of 1 µm filaments a 4 end Hills 
beam with Barmag extrusion and winding system was 
used. The dies have 36 capillaries in Islands-in-the-Sea 
and segmented pie configuration respectively. As 
secondary or matrix polymer to be dissolved a sulfonated 
polyester, EastOne from Eastman, USA was combined 
with PVDF (Solef 1006, Solvay; B) and PET (RT 51, 
Invista, D) respectively. The yarns were produced as POY 
and stretched. Texturizing was shown to be not possible 
with EastOne. Further processing was made prior to 
dissolution of the matrix by braiding, knitting and 
carding. After converting, the matrix was dissolved in 
90°C water with repeated washing. 

http://www.donaldson.com/index_de.html


RESULTS AND DISCUSSION 
1. Melt Blown 
The process parameters influencing the fiber diameter in 
Melt Blown were investigated in detail. It has been found 
that besides the throughput and temperatures of both, melt 
and air, and the capillary length/diameter ratio the air gap, 
the die collector distance and the polymer itself play the 
major roll. Yet if the requirements is not restricted to the 
fiber diameter but include liberty of shots and flies (both 
due to interrupted melt flow), the dependencies are 
diverse. On the laboratory machine the fiber diameter was 
reduced to 0,2 µm. At the 500 mm plant they could be as 
small as 0,35 and 0,5 µm for PP and PBT respectively. It 
is remarkable, that the throughput for smallest fibers was 
0,02g/h°/min.  
 
2. Centrifuge Spinning  
In 2009 a 1 m prototype plant for Centrifuge Spinning 
could be installed. It was found that the parameters of the 
laboratory and the prototype plant respectively are more 
different than expected. Higher throughput, higher voltage 
and largely improved suction box led to higher efficiency 
in general. Yet some polymer systems do not allow high 
voltage or have more specific requirements on the 
climate, which was not detected at the laboratory scale 
plant. Area weight up to 200 g/m², throughput up to 6 
g/m/min at fibers down to 0,1 µm are the actual state. 
PVDF has been processed to 0,13 µm fibers by 
Centrifuge Spinning to prevent the degradation which 
may occur at Melt Blown. 
 
Both finest fiber technologies have in common a poor 
finest fiber cohesion and a weak adhesion to most of the 
substrates. Thermoplastic webs can be strengthened and 
bound to substrates by calendering taking into account a 
reduction of the web volume with effect of higher 
pressure drop in the filtration application. For non 
thermobondable webs the development of adhesives and 
their application is important. It was found that a generic 
solution is not available. Physical and morphological 
surface properties of both substrate and finest fiber 
require specific adhesives, not to forget the requirements 
of the enduse of the filters. For area weight from 30 g/m² 
a modified water entangling reached high strength 
without penetrating the web. 
 
3. Bicomponent spinning 
By bicomponent spinning fibers in the 1 µm range have 
been developed exemplarily from PVDF and PET. 

Spinning speed was in the standard range for the 
respective polymers (1.200 m/min and 3.000 m/min).  
The fibers with matrix reached fair strength  sufficient for 
textile processing. After dissolution of the matrix 
Polyester showed with 36 cN/tex properties of a textile 
yarn. 
 
CONCLUSIONS 
The three technologies presented are complementary in 
terms of polymer choice and post processing. 
Melt Blown is an economically standard technology for 
commodity polymers such as PP and PBT. The actual 
developments towards the 0,1 µm range will reserve the 
standard market for this technology. Where higher 
requirements in terms of temperature stability or specific 
needs for special polymers are to be taken into account, 
the Centrifuge Spinning is the alternative. The technology 
is easier to handle and the invest lower for the Centrifuge 
Spinning. Thus this technology has a potential to be used 
for adding higher value to standard filter media by the 
filter producer. 
One major problem with finest fibers is their cohesion and 
their adhesion to any substrate. Besides calendaring and 
glueing it was shown that water jet is a valid mean even to 
entangle finest fibers if special boundaries are respected.  
If textiles like woven or braided structures are required 
the bicomponent spinning allows fiber production in the 1 
µm scale. Using the Hills technology² it can go down to 
0,3 µm having 1120 islands per filament. An 
environmentally acceptable procedure has been 
demonstrated using water soluble polymers. Further 
developments will go to splitted segmented fibers for 
conventional textile processing.  
Further work has to be done to exploit the potential of 
finest fibers for the filtration.  
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INTRODUCTION  
The current mutation from metal to composites has given 
rise to important challenges for the aerospace and railway 
industries. These industries are in large demand of new 
polymeric materials with high thermal stability as 
polyetherimide [1], poly(ether ether ketone) [2], 
polyethersulfone [3], phenoxy [4] or poly(phenylene 
sulphide) [5].  
This work, which falls within the framework of the 
European project IMS & CPS (Innovative Material 
Synergies & Composite Processing Strategies, 7th PCRD), 
aims at developing conductive yarns from combination 
between thermostable polymers and multiwalled carbon 
nanotubes (MWNT). The challenges are firstly to process 
thermostable polymers by melt spinning and secondly to 
incorporate, orientate and align MWNT in multifilament 
yarn to optimize electrical and mechanical properties.  
These multifilament yarns will be then incorporated by 
dissolution in the manufacture of composite materials 
with a specific localization and orientation at both the 
nano and micro-scales in the final composite part to 
enhance weight savings and material properties. 
 
APPROACH 
In this work, the first approach is to study the 
implementation by melt spinning of a high performance 
amorphous polymers: Polyethersulfone PES (Tg ≈ 
220°C).  Nanocomposites based on PES filled with 
MWNT have been prepared by extrusion. Due to the high 
temperature needed to process PES, a plasticizer is also 
incorporated. Thermal (TGA, DSC) and rheological 
characterizations (Melt Flow Index (MFI)) have been 
made to determine experimental conditions and to analyze 
the influence of the plasticizer and MWNT on 
spinnability. Electrical conductivity measurement on rods 
is also performed to predict the MWNT content needed to 
reach electrical percolation on multifilament yarn.  
The second approach focus on process of multifilament 
yarns and their electrical and mechanical properties. The 
impact of different parameters (draw ratio, MWNT 
content, etc.) on MWNT dispersion and alignment and on 
yarn properties is investigated. 
 
 
 

 
RESULTS AND DISCUSSION  

1- Melt Flow Index 
MFI measurement is used to analyse spinnability and 
determine the spinning temperature condition. As shown 
in Fig.1, viscosity of PES is highly increased with the 
incorporation of plasticizer but decreases by rising 
MWNT content. This observation, due to a formation of a 
network of interconnected nanoparticles [6], is an 
important factor for the spinnability of the compounds. 
The higher MWNT content, the more difficult melt 
spinning is. Plasticizer allows then easing process by melt 
spinning of compounds with higher MWNT content. 

 
Fig.1 Influence of plasticizer and MWNT content on Melt 

Flow Index of PES (300°C – 2.16kg – g/10min) 
 

2- Electrical conductivity 
The influence of MWNT content on electrical 
conductivity of PES rods is illustrated in Fig. 2. A 
significant increase of 10 decades is observed between 
0.75 and 1 wt.% MWNT emphasizing the path from 
insulating to conductive character of the material. This 
phenomenon, called electrical percolation, is relatively 
low due to the amorphous character of the polymer which 
allows a better mobility of the nanofillers in PES. 
Despite the electrical percolation in multifilament is 
attending to be reached at higher MWNT percentage [7], 
the percolation threshold on rods is a good indicator to 
know approximatively the MWNT content allowing to 
obtain a conductive multifilament yarn. 
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Fig.2 Influence of MWNT content on electrical 

conductivity σ (S/m) of PES rods  
 

3- Mechanical properties 
The draw ratio is another important parameter for MWNT 
dispersion and alignment, but also for mechanical 
properties of multifilament yarn. Due to its high Tg, PES 
multifilament yarn can be slightly drawn but significant 
difference can be observed for close draw ratios. Indeed, 
this parameter clearly affects young’s modulus and 
elongation with respectively an increasing of around 1 
Gpa of the Young’s modulus and a loss around 50% in 
elongation at break (cf. Fig 3).  
 

 
Fig.3 Influence of draw ratio on Young’s Modulus (Gpa) 
and Elongation at break (%) on PES multifilament yarn  

 
CONCLUSIONS 
Melt spinning of thermostable polymers is a new 
challenge which requires the adaptation of new tools to a 
classical spinning machine. This also causes learning new 
techniques in order to obtain a final product of quality. 
The structure and high Tg of Polyethersulfone (PES) 
make it very difficult to process. The first objective of this 
study is to find solution to spin PES and to analyze the 
influence of experiment conditions. The second challenge 
is to incorporate MWNT and obtain a conductive 
multifilament yarn by reaching electrical percolation and 
keeping good mechanical properties.  
The addition of plasticizer is a good solution to help PES 
melt spinning by decreasing its Tg, increasing viscosity 

and making possible to incorporate higher MWNT 
content.  Plasticizer and MWNT have a significant 
influence on multifilament yarn properties and a 
compromise must be found between electrical and 
mechanical properties. 
 
FUTURE WORK 
In the future, the incorporation of higher MWNT content 
in multifilament yarn and their dissolution in composites 
will be investigated. Moreover, other works will focus on 
the process of thermostable polymers by wet spinning 
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INTRODUCTION 
Ultrahigh molecular weight polyethylene (UHMWPE) 
fibers are excellent candidate as reinforcing materials for 
high performance composites because of their high specific 
tensile strength and modulus, light weight, as well as 
excellent resistance toward chemical and physical 
degradation1. However, interfacial adhesion between 
UHMWPE fiber and polymer matrix is very poor and limits 
its applications. Great efforts have been made in attempts to 
modify UHMWPE fibers to achieve improved interfacial 
adhesion2, 3. In our earlier report4, it has been found that 
nano-particles can be implanted into UHMWPE gel fibers 
during extracting process, and the modified fibers exhibited 
enhanced interfacial adhesion and mechanical properties. In 
this paper, multi-walled carbon nanotubes (MWNTs) were 
added into UHMWPE fibers before gel spinning process 
and during extracting process of gel fibers. The structure 
and properties of modified fibers were investigated in 
details and compared with virgin ones. 
 
APPROACHES 
The UHMWPE used had a viscosity average molecular 
weight of 3.8×106. MWNTs was purified and then 
functionalized with γ-aminopropyl triethoxysilane before 
use. The solvent of UHMWPE was mineral oil and the 
extracting agent for gel fiber was xylene.  
8 wt% UHMWPE gel fibers were made according to our 
earlier report4. The spinning modified MWNTs/UHMWPE 
gel fibers were made by directly dispersing 0.08 wt% 
MWNTs in 8 wt% UHMWPE suspension and then gel 
spinning with the composite solution. The extracting 
modified MWNTs/UHMWPE fibers were made by first 
extracting virgin gel fibers with 0.1 wt% MWNTs/xylene 
dispersion under ultrasonication, and then the fibers were 
extracted with pure xylene. After the gel fibers were 
extracted and dried, three-stage hot drawing was performed 
and the total draw ratio of 45 was got for different fibers. 
The extracted fiber was fractured under liquid N2, the 
surface and section of extracted and dried fibers were 
coated with gold and then observed using a JSM-5600LV 
scanning electron microscope (SEM). Tensile 
measurements of fibers were carried out by DXLL tensile 
tester with the initial gauge length of 200 mm and a tensile 
speed of 100 mm/min. Crystalline measurement of fibers 
were carried out with a Rigaku D/Max-2550 PC X-ray 
diffractometer with Ni-filtered CuKa radiation operated at 
300 mA and 40 kV in the reflection mode. The interfacial 
shear strength between fiber and epoxy was measured by 
epoxy embedding and single filament pulling-out test with 
XQ-1A tensile tester. The contact angle of pure water on 
fiber surface was measured with OCA40 Micro video based 
contact angle measuring device. TGA7HT thermo 

gravimetric analyzer (TGA) was used to measure the 
thermal stability of fibers at a heating rate of 10℃ /min 
under N2 flow. The creep elongation under fiber’s 60% 
breakage force was measured at room temperature with 
DXLL tensile tester, the initial gauge length was 250 mm 
and the creep time was 20min. 
 
RESULTS AND DISCUSSION 
Figure 1 shows the SEM images of virgin and MWNTs 
modified gel fibers. There exist many grooves and 
micropores on the surface of virgin UHMWPE gel fiber; 
they are caused by the phase transition when forming gel 
fibers. During extracting process, these micropores should 
be bigger than that of dried fibers because the fiber will 
shrink during subsequent drying process. Actually, the sizes 
of these micropores range from hundreds of nm to several 
um, as shown in Figure 1(b). These micropores allow the 
diffusing of MWNTs into the gel fibers during extracting 
process. However, the diameter of MWNTs is 10-20 nm 
and the length is 1-2 μm, only those small sized or 
monodisperse MWNTs are allowed to insert into gel fibers 
under ultrasonication-driven extraction. During subsequent 
extracting process with pure xylene, large sized MWNTs 
agglomerates which are unstably adsorbed on fiber’s 
surface are all rinsed away, only those one end has been 
tightly trapped by the shrunk micropores are observed 
vertical to the fiber’s surface. For spinning modified 
composite fiber, some small MWNTs agglomerates could 
be seen on fiber’s surface, as shown in Figure 1(d). This is 
because MWNTs are directly added into PE solution, 
although they are functionalized before use, it’s still unable 
to ensure the homogeneously dispersion in gel fiber. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 SEM images of extracted and dried gel fibers for 
(a) virgin fiber' surface (b) virgin fiber section (c) extracting 
modified fiber surface (d) spinning modified fiber surface 
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Table I Mechanical, crystalline and surface adhesive properties of different UHMWPE fibers 

Fiber samples Strength 
(cN/dtex) 

Elongation 
at break (%) 

Modulus 
(cN/dtex) 

XD 
(%) 

L(110) 
(nm) 

L(200) 
(nm) 

IFSS 
(MPa) 

Contact 
angle(o) 

Virgin UHMWPE 27.54 2.58 726.22 77.96 12.30 9.06 6.23 92.57 
Spinning modified 29.33 2.65 766.65 79.25 11.16 9.02 6.83 85.71 

Extracting modified 29.54 1.62 1358.80 79.79 12.56 8.86 8.79 78.35 
Table I shows the mechanical, crystalline and surface 
adhesive properties of different UHMWPE fibers. The 
tensile strength of spinning and extracting modified 
MWNTs/UHMWPE composite fibers are improved by 
6.5% and 7.3% in comparison with that of virgin 
UHMWPE fibers, respectively. It indicates that there is 
good interfacial interaction between functionalized 
MWNTs and PE molecules. The stresses applied during 
drawing align the MWNTs along the fiber longitudes, 
which allow the good load transfer across the UHMWPE-
MWNTs interface, and so the tensile strength of MWNTs 
modified fibers is improved. The well dispersed MWNTs 
can also provide significantly higher specific surface areas 
serving as nucleation sites for PE molecules, which promote 
larger number of PE molecules crystallizing on MWNTs’ 
surface during the drawing process of fibers. Therefore 
MWNTs modified UHMWPE fibers have higher 
crystallinity and smaller crystal sizes, as shown in Table I. 
After modified with MWNTs, the surface roughness of 
UHMWPE fibers becomes higher, which increases the 
physical interaction between fibers and epoxy. Moreover, γ-
aminopropyl triethoxysilane functionalized MWNTs 
contain many amido and other polar groups, the amido 
groups can react with the epoxy groups. Therefore the IFSS 
between UHMWPE fibers and epoxy is notably improved 
after MWNTs modified, and the fiber’s contact angle with 
water is also reduced. From Table I one can also see that the 
IFSS between extracting modified MWNTs/UHMWPE 
fiber and epoxy is significantly higher than that of spinning 
modified ones. This is because MWNTs are mainly 
adsorbed on fiber’s surface for extracting modified fibers, 
while they are uniformly dispersed in the fibers for spinning 
modified ones. There are more MWNTs existing on the 
surface of extracting modified composite fibers and which 
contributes more to fiber’s surface adhesion. 
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Figure 2 TGA curves of different UHMWPE fibers 
Figure 2 shows the TGA curves of virgin and MWNTs 
modified UHMWPE fibers, the characteristic decomposing 
temperatures at 5% weight loss (T5) and at maximum 
weight loss (Tmax) are shown in Table II. It is indicated that 
MWNTs modified UHMWPE fibers are decomposed at 
higher temperature; the initial decomposition temperature 
increases about 20℃  compared with virgin fibers. This 

maybe caused by two reasons, one is that the functionalized 
MWNTs can react with free radicals generated by 
UHMWPE thermal degradation and form relative stable 
free radicals simultaneously, which delays the further 
thermal degradation of PE molecules. The other reason is 
that there is good interfacial interaction between MWNTs 
and PE molecules, the MWNTs can constrain the 
movement of PE segments and chains. Thus the MWNTs 
modification can greatly enhance the initial thermal 
resistance of UHMWPE fibers, and the creep resistance of 
MWNTs modified UHMWPE fiber is also improved. 
Table II TGA results and creep properties of different fibers 

Fiber samples T5 (
℃) 

Tmax (
℃) 

Creep 
elongation (%) 

virgin UHMWPE 429.1 487.5 2.93 
Spinning modified 448.2 491.5 2.04 

Extracting modified 449.1 493.7 2.01 
   
CONCLUSIONS 
Functionalized MWNTs are used to modify UHMWPE 
fiber with the methods of spinning modification and 
extracting modification. The structure and properties of 
modified fibers are investigated and compared with that of 
virgin ones. The results show that MWNTs are uniformly 
dispersed in MWNTs/UHMWPE fiber. The mechanical 
properties and crystallinity of modified fibers are both 
higher than those of virgin fiber, while the crystal sizes are 
reduced. The fiber’s initial decomposing temperature is 
increased by about 20℃. In addition, the creep resistance 
and surface adhesion properties of modified fibers are also 
improved after introduction of MWNTs. Compared with 
spinning modification, extracting modification contributes 
more to the surface adhesion of UHMWPE fibers, the IFSS 
between fibers and epoxy resin is increased by 41.1% after 
extracting modified with MWNTs. 
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Multi-walled carbon nanotubes, ultra high molecular weight 
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INTRODUCTION 
Since the European commission declared bio-based 
products as a lead market in the Lead markets initiative 
(LMI), the textile industry is challenged to make a radical 
shift that involves an increased use of renewable and 
recyclable materials as well as substantial improvements 
in energy and water efficiency [1]. By 2020, around 10% 
of fibres should be coming from all renewable resources 
(ca. 10 Million tonnes compared to less than 500.000 
tonnes in 2007) [2]. This requirement cannot be fulfilled 
by a mere increase in cultivation and application of 
natural fibres. A breakthrough in the use of bio-based 
polymers, polymers synthesized from renewable raw 
materials, provides a promising solution to obtain these 
difficult targets.  
Biopolymers for textile applications are commercially 
available as also biopolymer filaments [3]. The filaments 
are also absorbed in the markets for specific applications. 
The production of biopolymer is estimated to increase to 
2,33 million tonnes per year by 2013 and 20% of this 
supply is estimated to be available for textile applications 
[4].  However, it is also reported that there are not enough 
markets available to take up the foreseen supply. The 
market share for biopolymers cannot be expanded without 
development of staple fibre processes for development of 
nonwovens and staple fibre yarns. These intermediate 
products are the key step in opening the doors for 
biopolymers in the textile industry. This paper provides 
an overview of the development of the staple fibre 
process techniques for experimental biopolymers. 
The biopolymers studied in this paper are biodegradable 
polyesters viz. polylactic acid - polyhydroxybutyrate 
(PLA-PHB) blends. These polymers are polymerized 
fully or partly from renewable resources, using 
environmentally friendly process routes for their 
manufacture and are completely biodegradable.  
 

APPROACH 
The first step for staple fibre spinning is backward 
planning and establishing process parameters throughout 
the spinning line. To narrow down the process window 
with minimum expense of resources, the theory of solving 
inventive problems (TRIZ) was applied  i.e. the process 
for the staple fibre spinning of biodegradable polyester 
blends was developed by applying the TRIZ generic 
solutions in each step of staple spinning system. Polyester 
was chosen as a reference material for setting a process 
window for the biopolymer fibres. Polyester is one of the 
most popularly researched manmade polymers in the 
textile industry. Additionally, the biopolymers selected 
for this project belong to the same family of polymers as 
polyester. The process parameters for polyester staple 

fibre spinning were used as a guideline for setting the 
process parameters for PLA-PHB spinning. Then 
optimizations of the process parameters were carried out 
for the staple spinning of the PLA-PHB fibres. 
PLA - PHB (2%) blended filaments (160 dtex/ 45 
filaments) were obtained from ITCF, Denkendorf. They 
were textured; heat set and cut into staple fibres of 38mm. 
Three different methods were explored for texturing of 
the fibres viz. false twist texturing, air-jet texturing, knit 
de-knit texturing. The methods of texturing were assessed 
based on the processability of the textured filaments in the 
further processing stages. Thermal analysis, differential 
scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA) of the PLA-PHB filaments was carried 
out to determine glass transition temperature, melting 
point and degradation temperature. The results from the 
thermal analysis were used to determine the temperature 
settings for heat setting the textured filaments. The PLA-
PHB staple fibres were opened and converted into a sliver 
using the micro dust and trash analyser (MDTA). The 
slivers were further spun into staple fibre yarns in the 
rotor spinning machine. Figure 1 describes the staple fibre 
process chain used for the development of staple fibre 
yarn from PLA-PHB filaments.  
 

PLA-PHB blended filament
Staple fibre cutter

PLA-PHB staple fibres

PLA-PHB sliver

MDTA 3

Rotor spinning machine PLA-PHB staple fibre yarns  
Figure 1: Staple fibre spinning process for PLA-PHB 
staple fibres. 
 

The process parameters along the spinning process were 
optimised using Box-Behnken Design of experiment. The 
samples made were tested on STATIMAT 4U tester for 
their tenacity, elongation and modulus according to the 
DIN EN ISO 2060 norms. Evenness and hairiness in the 
yarn was measured using Uster evenness tester. The effect 
of the rotor spinning parameters on the above properties 
was studied. Furthermore, the yarn with the optimum 
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parameters was converted into narrow fabrics to assess its 
processability. 
 
RESULTS AND DISCUSSION 
 

a b c

 
Figure 2 SEM Images of PLA-PHB filaments textured 
with a) false twist b) air-jet and c) knit de-knit texturing 
 

Integral -145.87 mWoC
Onset 153,56 oC
Peak 168,00 oC
Endset 173,15 oC

a
b

 
Figure 3: Thermal analysis of PLA-PHB filaments a) 
DSC Thermograph b) Degradation profile 
 

 
Figure 3: Effect of rotor speed and rotor diameter on a) 
Yarn tenacity. 
 

Figure 2 shows the effect of the crimp structure imparted 
in the filament with texturing. This crimped structure is 
essential for the further processing to avoid problems such 
as roller lapping. The air jet textured yarn is characterized 

by its bulky, entangled structure while the knit de-knit 
textured yarn has a more uniform loop structure. In the 
case of PLA-PHB filaments used in this study, the 
processability of false twist textured filaments was better 
compared to the knit de-knit ones. The false twist 
texturing imparts a soft bulky nature to the filament 
without creating excessive loops or neps in the yarn. 
Figure 3 shows the results of the thermal analysis on the 
PLA-PHB filaments. With the results from the DSC and 
TGA, a temperature for heat setting of the textured 
filament was determined greater than the glass transition 
temperature (Tg = 70o C) and well below the melting 
temperature (Tm = 168o C) 
Figure 4 shows the effect of rotor spinning parameters on 
the properties of the PLA-PHB staple fibre yarns. With 
higher rotor speeds, the yarn tenacity increases while the 
elongation decreases. Moreover, the yarn elongation 
decreases at higher rotor diameters. With high rotor 
speeds and high rotor diameters, the centrifugal force 
experienced by the yarn in high which makes the yarn 
compact, thus the tenacity of the yarn increases while its 
elongation decreases. However, with very high rotor 
diameters (more than 40 mm), the yarn quality decreases 
further as the amount of wrapping fibers available for the 
yarn are few. 
 

CONCLUSIONS 
The paper provides an overview of the investigations 
carried out at ITA on the processing of experimental 
biopolymers filaments upto staple fibre yarns and narrow 
woven fabrics. Biopolymer filaments were successfully 
spun into yarns using the rotor spinning machine. The 
effect of various spinning parameters on the yarn 
properties was studied. Future work includes evaluation 
of specific properties such as hydrophillicity and 
antimicrobial properties. Furthermore, a complete 
assessment of the property profile and benchmarking with 
commercially available polyester and polypropylene 
staple yarns in the healthcare sector will be carried out for 
the determination of suitable markets and estimation of 
the substitution potential of biopolymer staple fibre 
products in these sectors. 
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STATEMENT OF PURPOSE 
The aim of this study is to determine the effects of 
fiber cross-sectional shape on the properties of POY 
continuous filament and textured yarns. In the study, 
three different cross section shapes as round, hexsa 
and octolobal, and two different linear density values 
as 133 and 283 dtex were taken as the basis. 
Tenacity-elongation and unevenness tests were 
applied on POY yarns and crimp and shrinkage tests 
were also applied on textured yarns in addition to 
these tests. 
 
INTRODUCTION 
There are numerous structural parameters identified 
during the production of synthetic fibers (number of 
filaments, cross sectional shape, linear density etc.) 
and these parameters define the properties of the 
product. Especially cross sectional shape is known 
for being a parameter having substantial effects on 
product properties.  For example, while trilobal cross 
sectional shape is preferred for bright products, 
hollow cross sectional shape is used for warmth 
preserving features of the products. Therefore, cross 
sectional shapes of the products are determined and 
used depending on the features expected from the 
product. Numerous scientific works are being 
conducted with an aim to review these concerned 
effects and to design new cross sectional shapes. 
Particularly in recent years, studies on this concern 
have been continuing to be performed in detail [1, 2, 
3, 4]. In this study, the effects of cross section shape 
and linear density parameters on polyester (PES) 
partially oriented yarn (POY) and textured yarn 
characteristics are investigated.  
                     
APPROACH 
PES POY yarns were produced according to the melt 
spinning principle. Then, textured yarns were 
produced from these yarns by false-twist texturization 
operation    (a ratio of drawing of 1.6 was applied on 
POY’s). Yarn cross-sectional shapes were examined 
with Microtome Leica branded/model microscope 
(Figure 1). 

  Figure 1.Cross-sectional shapes of yarns used in the study 
 

All the other production parameters apart from the 
parameters of which effects are to be investigated in 
the study (cross sectional shape and linear density) 
were kept at a stable value and various tests were 
applied on the yarns to control the stability of these 
parameters. Following such tests for control 
purposes, the tests to be applied on the yarns to 
review the factor effects were determined. Before 
starting the tests, yarn samples were conditioned for 
24 hours at 20oC ±2 temperature and 65% ±2 relative 
humidity, the standard environment conditions. In 
order to detect the effects of the cross sectional shape 
and linear density parameters on yarn characteristics, 
tenacity-elongation tests on POY yarns were 
executed on Uster Tensorapid-3 test device in 
compliance with the BS EN ISO 2062, 1995 test 
standard, and unevenness tests were executed on 
Uster unevenness evaluation device in accordance 
with the DIN 53817-1 test standard      [5, 6]. Crimp 
and shrinkage tests on textured yarns were executed 
in the Texturmat ME test device in accordance with 
DIN 53840-2; 1983 standard [7].   
 
RESULTS AND DISCUSSION 
As a result of the study, it was understood that fiber 
cross sectional shape and yarn linear density change 
had an effect on yarn characteristics. It was 
discovered that the increase in linear density value 
decreased tenacity and breaking elongation value and 
supported the formation of a more even POY yarn 
structure. The effect of linear density factor on 
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Cross-Sectional Sahpe of Textured Yarn   
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textured yarn tenacity and breaking elongation values 
showed parallelism with the results of POY yarns; 
moreover, with the increase in linear density, a 
bulkier but less resistant yarn structure against 
shrinkage was obtained. So, different conclusions 
reached about effect of cross sectional shape in this 
study. These results are given below (Figure 2-5). 

Figure 2. Effect of cross-section and yarn linear density on POY’s 
tenacity and breaking elongation 
 
 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Effect of cross-section and linear density on  
POY’s unevenness 
 
Figure 4. Effect of cross-section and linear density on textured 
yarn’s tenacity and breaking elongation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Effect of cross-section and yarn linear density on 
textured yarn’s shrinkage and crimp  
                                                                       
 
CONCLUSIONS 
The effect of cross sectional shape factor on yarn 
characteristics was more specific. It was discovered 
that round cross section shaped POY had the highest 
tenacity-breaking elongation value and the most even 
yarn structure. On the other hand, in channeled cross 
sectional shapes as hexsa, a decline in yarn tenacity 
and breaking elongation values and an increase in 
unevenness value were observed. Besides, it was 
observed that the highest crimp value was in round 
cross section shaped textured yarn and hexsa cross 
sectional shape formed a less bulky and less resistant 
yarn structure against shrinkage. For this reason, it 
was understood that the main characteristics of round 
cross section shaped yarns were more ideal while 
channel cross section shaped yarns were possessing 
lower level characteristics.   
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ABSTRACT

TLCPs have attracted wide public concern for their
excellent mechanical and chemical properties. In this 
study, a novel TLCPs was polymerized and melt spun 
into fibers. Fiber morphology and thermal properties
were characterized using SEM, DSC and WAXD. It was 
found that the optimal heat treatment temperature was 
260℃ and the suitable heat-treatment duration was 48h. 
After heat treatment, fiber tensile strength, Young’s 
modulus and elongation at break of as-spun fiber was 
improved from 0.39GPa, 43.51GPa and 1.39% to 
3.18GPa, 123.92GPa and 1.49% respectively. The 
melting temperature increased from 292.3℃ to a
maximum of 353.86℃. 

INTRODUCTION

TLCP polymer and fibers show excellent mechanical 
properties and outstanding heat resistance, inherent flame 
retardance, and corrosive chemicals as well as small 
linear expansion coefficient,[1-2] and have drawn 
widespread attention. [3-4]Chemical solvent-free process 
made the melt spinning of TLCPs to be more practicable, 
but lots of technical problems from TLCPs were
encountered in the commercializing process. 
In this work, a new aromatic copolyester melt spun into 
fibers and the relation between heat treatments and fiber 
mechanical and thermal properties were studied. 

RESULTS AND DICUSSION

Tensile strength, Young’s modulus and elongation at 
break of as-spun fiber were 0.93GPa, 43.51GPa and 
1.39% respectively. 

Fiber morphological study

As a typical characteristic, distinct hierarchical structure 
was observed by SEM (Fig 1, left). Nano-fibrils formed 

Fig. 1 Hierarchical structure of TLCPs fiber

by macromolecules and expanded to microfibrils by 
bundling the fibrils and then reuniting to macrofibrils and 
contribute the fibers with excellent mechanical
properties.
A skin-core structure was showed clearly in Fig2 (a, b), 
of which fibrils close to the rough skin were oriented 
along the axial direction more perfectly than the core 
layer, a part similar with accretion formation or adhesion 
was obtained in Fig2(c). A peculiar phenomenon 
appearing not only in the as-spun fiber but also the 
heated treated fiber is the generation of gaps among the 
fibrils (Fig2 (d)), and resulted a reduction in mechanical 
and chemical stabilities.  

(a) (b)

(b) (d)
Fig. 2 SEM of TLCPs fiber (a) rough surface texture,
(b-d) TLCPs fiber in core layer. 

The affect of heat treatment on fiber mechanical 

properties 

            (a)                  (b)
Fig. 3 (a) The relation of tensile strength with the heat 
treatment temperature, and (b) the relation of tensile 
strength with heat treatment time.

Figure 3 shows that fiber tensile strength, Young’s 
modulus and elongation at break were increased from 
0.39GPa, 43.51GPa and 1.39% to 3.18 GPa, 123.92 GPa
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and 2.25% respectively by heat treatment and 260℃ and 
48h were regarded as the optimal condition. 
 
Thermal properties  
Fig 4 shows DSC of the fibers with different heat 
treatment temperature and time. With the increase of 
heating temperature and time, the melting temperature 
was increase. When the temperature was increased to 
270℃, the melting temperature increased from 292.3℃ 
to as high as 353.86℃. 

 
(a) (b) 

Fig. 4 DSC of (a) samples heat treated at different 
temperature (b)samples heat treated for different time  
 
Fig 5 (a) and (b) show the WAXD curves for the as-spun 
fiber and fibers heat-treated and the results were listed in 
Table 1. It shows that the peak became sharper and 
sharper with the increase of heating temperature and 
time. 
 

 
(a) (b) 

Fig. 5 WAXD patterns of TLCPs fibers (a) fibers treated 
by different temperature for 48h, and (b) fibers treated 
for different time at 260℃. 
 

Table1. Fiber crystallinity by heat treatments 
Sample Crystallinity/% 
As-spun 42.90 

260℃ 10h 45.11 
260℃ 24h 47.92 
260℃ 48h 55.87 
250℃ 48h 47.80 
270℃ 48h 50.40 

260℃ 24h+290℃ 24h 48.77 

CONCLUSIONS  
A novel TLCPs was melt-polymerized and melt spun into 
fiber. Special skin-core morphological structure was found 
and described. The optimal heat treatment temperature and 
time are 260℃ and 48h respectively. After heat treatment, the 
tensile strength, Young’s modulus and elongation at break of 
as-spun fiber improved from 0.39GPa, 43.51GPa and 1.39% 
to 3.18GPa, 123.92GPa and 1.49% respectively. Fiber 
melting temperature was increased from 292.3℃ to a 
maximum of 353.86℃.  
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INTRODUCTION 
Cashmere guard hairs are a stiff natural keratinous 
protein fibrous material. They are segregated as a 
waste from cashmere fleece during collection of 
luxurious fine cashmere fibres by the dehairing 
process in the cashmere industry. Unlike the fine 
cashmere fibres, they are coarse; contain large 
medullation, and lack crimp or curvature. 
Consequently, cashmere guard hairs are not 
suitable for spinning and often fetch low value 
applications.  

As a protein fibre, cashmere guard hair contains 
different functional sites/groups such as –CO-NH-, 
-COOH, -SSR, -SH. These reactive groups can be 
utilized to bind organic and inorganic chemical 
species, similar to other protein fibres such as silk 
and wool, targeting specific applications [1-3].   

Recent studies on the powdered wool and silk have 
shown improved adsorption kinetics towards 
organic dyes and different transition metal ions, 
which demonstrated their potential in waste water 
treatment applications [4, 5]. Cashmere guard hair 
powder could also be used in similar ways to 
realise good value addition for the product that 
otherwise has little use.  

In the present study, cashmere guard hair has been 
pulverised into ultrafine powder and its potential in 
toxic heavy metal ion absorption has been 
investigated. To explore their application as a 
functional coating material, powders have been 
used to coat polyester fabric by electrostatic 
powder coating technique to impart the natural feel 
and antibacterial properties to the synthetic 
substrate. 

APPROACH 
Cashmere guard hair was milled into fine particles 
using the processing sequence: Chopping  
Attritor milling  Spray Drying   Air Jet 
milling. The effect of partial hydrolysis of 
cashmere guard hair with 1M hydrochloric acid at 
80 oC on the pulverisation rate and powder particle 
size was examined.  

The metal ion absorption properties of cashmere 
guard hair, both in its attritor milled powder and 
parent fibre forms were examined towards the 
oppositely charged ionic metal species (Zn2+, Co2+ 

and anionic species of Cr6+) using respective 
gamma emitting radioisotopes. 

The cashmere guard hair powder was coated onto a 
flat knit multifilament polyester fabric by 
electrostatic powder coating technique as illustrated 
in Fig. 1. The antibacterial properties of the silver 
ion treated powder coated fabric were investigated 
against Escherichia coli as per the AATCC 100 – 
2004 test standard. 

 

 
Figure 1 Schematics of electrostatic powder coating 

RESULTS AND DISCUSSIONS 
Powder fabrication 
The cuticle cells (scaly surface) of cashmere guard 
hair (Fig. 2a) containing epicuticle membrane of 
hydrocarbon lipid chains disintegrated during 
milling; as confirmed by the SEM images (Fig. 2 b 
and 2c) and FTIR results. The spray dried particles 
from the 6 hr attritor milled slurry appeared to be 
globular in shape with a mushroom like structure 
(Fig. 2b).  
 

 

Figure 2 SEM images of a. control cashmere guard hair and its 
b. attritor milled powder and c. air jet milled powder 

Although the deterioration in mechanical properties 
from partial acid hydrolysis of cashmere guard hair 
assisted in achieving faster particle pulverisation 
rate during attritor milling, no difference in the 
particle size was evident and the volume median 
particle size d(0.5) for all types of powder particles 
remained around 5 μm (Fig. 3a). The wet condition 
of attritor milling has hindered the reduction of 
particle size by softening the particles to absorb 
collision energy and to encourage the formation of 



aggregates. However finer powder particles with 
irregular shape (Fig. 2c) have been achieved by 
breaking of particle aggregates on further air jet 
milling in dry condition (Fig. 3b). The reduction in 
powder particle size on air jet milling was found to 
be proportional to the degree of hydrolysis of the 
material. The volume median particle size d(0.5) of 
air jet milled cashmere guard hair powder was 
2.328 μm, which decreased  to 829 nm and further 
to 461 nm for 4 hr and 10 hr acid hydrolysed 
cashmere guard hair fibres, respectively.  
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Figure 3 Particle size distribution of a. attritor milled and b. air 
jet milled powder particles from  untreated cashmere guard 
hair,  4 hr acid hydrolysed cashmere guard hair and 

 10 h acid hydrolysed cashmere guard hair 

Metal ion absorption 
The absorption of metal ions was found to be 
governed by ionic interactions over different pH 
ranges. At equilibrium, the percentage Co2+ ion 
absorption at optimum pH and 10-4 M was higher 
for the powder compared to the fibre form of 
cashmere guard hair.  Conversely there was no 
enhancement of Zn2+ and Cr6+ binding for powder 
over fibre (Fig. 4). This is possibly due to the 
changed surface chemistry of the hair due to 
milling and/or different metal ion binding 
properties. 

The rate of absorption for Zn2+ and Co2+ ions, 
however, was significantly higher with the powder 
form compared to the fibre. This behaviour is 
consistent with the breakdown of cashmere guard 
hair cuticle cells, the increased surface specificity 
and the oxidation of the powder surface (as 
revealed in XPS studies) which occurred on the 
fibre milling. 

Powder coating 
The powder coated fabric has demonstrated stable 
durability against washing (Fig. 5a) and abrasion. 
The negligible mass loss (<3%) on washing was 
due to the resin loss which could be further 
improved with the use of proper polymeric resin. 

The powder coated fabric has a low water pressure 
drop (Fig. 5b), in the scale of millimetres, showing 
its prospects as a filtration membrane. 

 
Figure 4 Metal ion absorption of untreated cashmere guard hair 
and its attritor milled powder 

 
Figure 5 Effect of resin concentration on a. membrane density, 
b. water head pressure and c. washing fastness 

Powder coated fabric strongly absorbed silver ions 
from 10 – 100 ppm solutions under alkaline 
conditions. For 10 ppm silver concentration, there 
was negligible antibacterial function. In contrast, 
powder coated fabric treated with 50 ppm and 100 
ppm silver ion solution exhibited antibacterial 
activity against E. coli and showed good wash 
durability.  

CONCLUSION 
Cashmere guard hair powder was demonstrated to 
have potential for recovery of toxic heavy metal 
ions and when coated on fabric and doped with 
silver display antibacterial properties. 
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Objective 
In the introduced research project special inorganic 
particles which show thermo-adaptive behaviour 
with regard to IR-transmission/reflection for their 
use in application on textiles are investigated. 
Textiles finished with these particles shall save 
energy costs in modern buildings by reducing heat 
radiation impact in summer and avoiding thermal 
losses in winter. 
 
Introduction 
Generally, the topic of IR-absorbance/reflection is 
of great interest in many ways, as the protection 
against heat and thermal radiation plays an 
important role in many applications. Textiles 
finished with IR-absorbing/reflecting materials can 
be used not only as protection against heat 
(parasols, tents etc.), but also in buildings for 
saving energy, due to room acclimatisation while 
providing increased transparency for visible light, 
something sought after in modern buildings. Sun-
protecting textiles currently available on the market 
do not combine the desired effect of protection 
against heat by coexistent transparency for visible 
light as they are mostly based on coatings with 
aluminium.  
Some of organic and inorganic chemical 
compounds like nanoscaled indium-tin-oxide (ITO) 
or vanadium dioxide (VO2) show IR-
absorbing/reflecting behaviour by coexistent 
translucency. In a current research project transition 
metal doped vanadium dioxide (VO2) (nano-) 
particles are used as thermo-adaptive material, 
which will reflect incoming IR-radiation but not the 
visible light at high temperatures and let them both 
pass at low temperatures.  
This effect was firstly described by Morin et al. in 
1959 and belongs to a reversible structural change 
from a monoclinic, semi-conducting structure type 
at low temperatures into a tetragonal, metallic 
conducting structure type.[1] Pure VO2 possesses a 
transition temperature of 68 °C.[1] By doping with 
different (transition-) metals it is possible to 
individually adjust the temperature at which the IR-
radiation will be blocked. By doping with transition 
metals with stable oxidation numbers higher than 
+4, like tungsten[2-3] and molybdenum[4], the 
transition temperature can be decreased. Tungsten 
as doping material is described as the most efficient 
one. By each at% tungsten the thermochromic 
switching temperature will be decreased by 18-
25 °C (Fig. 1).[2-3] 

Fig. 1: phase transition temperature at different tungsten 
contents.[2] 
 
As the material is dark coloured it is necessary to 
synthesize the particles in nanoscale with particle 
sizes smaller than 380 nm.  
So far, there are known a lot of methods to 
synthesize doped VO2-particles like sol-gel[4-6], 
hydrothermal synthesis[7-9] and solid state 
reactions.[10-11] 
In this talk the influence of tungsten as doping 
material on the magnetic and thermal properties of 
VO2-particles is described. These particles were 
prepared by classic solid-state reactions of 
vanadium(V)oxide, vanadium(III)oxide and pure 
tungsten as well as tungsten oxide (WO3). 
 
Results and discussion 
The formula V1-xWxO2 describes the composition 
of the synthesized particles. Tungsten contents of 
nominal up to 7 at% were possible to incorporate 
into the VO2-structure by the classic solid-state 
method. The structural change from monoclinic 
semiconducting VO2 at 0 % doping (P21/c) to 
tetragonal metallic VO2 at 7 % doping (P42/mnm) 
can be detected by X-ray diffraction.  
The Rietveld-refined lattice parameters are in good  
correlation with literature data for monoclinic[12] 
and tetragonal[13] VO2. 
The obtained products were not only characterized 
by X-ray diffraction but also by thermal and 
magnetic investigations. While in the monoclinic 
structure short V–V-distances alternate with longer 
V–V-distances, in the tetragonal structure the V–V-
distances are constant. Therefore the magnetic 
behavior of the low-temperature structure-type can 
be described as a temperature independent 
paramagnetic or as an antiferromagnetic behavior 
where the spins of neighboring V-ions are coupled 
over an oxygen-ion. For the tetragonal structure a 
normal paramagnetic behavior can be expected as 
all V-ions are in the d1-configuration with 
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uncoupled spins. When the monoclinic structure is 
transferred into the tetragonal one by increasing the 
temperature an abrupt rising of the magnetic 
susceptibility can be observed. The data for the 
phase transition obtained by thermal investigations 
are in very good correlation with the data obtained 
by the magnetic measurements. 
By incorporating tungsten with an amount up to 7 
at% into the VO2-structure we found an almost 
linear relation between the tungsten content and the 
phase transition temperature. At each at% tungsten 
a decrease of the phase transition temperature of 
about 17.9 °C can be observed. This is again in 
good correlation with former studies.[2-3]

The optical properties of the tungsten doped VO2-
powders were indicated by SEM and by IR-
spectrometry. The primary particles are spherical 
with a size of about 4-9 µm. By ball milling the 
particle size could be lowered to about 700 nm.
In the IR-spectra (Fig. 2) it can be seen that in the 
area of normal thermal radiation the transmittance 
of the tetragonal VO2-sample is about 30% lower 
than that of the monoclinic VO2-sample. This result 
is again in very good correlation with earlier 
published data.

Fig. 2: IR-spectra of doped VO2-powders (black: 
monoclinic structure; red: tetragonal Structure).

Conclusion and outlook

Tungsten doped vanadium dioxide particles in 
different doping concentrations were successfully 
synthesized by classical solid-state reactions. 
By varying the content of doping material the phase 
transition temperature can be influenced over a 
wide range of over 100 °C. The primary particle 
size obtained was about 4-9 µm, by ball milling 
sizes about 700 nm were obtained.
The magnetic and optical properties of the particles 
thus synthesized exhibit exactly the expected 
behavior.
Currently the development of a large-scale 
synthesis and the stabilization of aqueous 
dispersions are in process. In a next step the 
functionalisation of textile substrates is planned.
Matrix effects that inhibit the demanded heat 
reflection have to be avoided. 
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INTRODUCTION 
   Finishing of cotton with polycarboxylic acid as 
formaldehyde free finishing agent1,2,3,4 have evoked 
immense interest in the recent past in view of their 
environment friendly and non-toxic characters. 
However, sodium salts of phosphorous containing 
mineral acid used as esterification catalyst with 
such polycarboxylic acid are not environment 
friendly  as they give rise to the problem of 
eutrophicarion5,6. Also, finishes based on such non 
polymeric polycarboxylic acid cannot retain and/or 
improve strength and moisture regain characters of 
cotton. It is therefore thought to be of interest to 
finish cotton by a combination of (a) esterification 
(b) chain polymerization  and (c) ultimate cross-
linking7 consequent to application of a monomeric 
readily polymerizable acid such as methacrylic  
acid (MAA) under the dual influence of free radical 
polymerization catalyst and a phosphorous free  
esterification catalyst .Results of related studies are  
reported in the present article. 
Application of methacrylic acid on cottton: 
Presoaking of bleached cotton shirt with potassium 
peroxodisulphate (K2S2O8) solution of 
concentration 0.5% (w/v) and subsequent 
application of aqueous MAA monomer formulation 
on the pre-soaked cotton shirt  were performed 
separately following a dip-spin-tumble-dry-iron-
cure technique. The pH of the monomer solution 
was adjusted at different specified levels with the 
use of required dose of sodium carbonate. The 
aqueous monomer formulation usually contained a 
known dose of sodium citrate as the esterification 
catalyst. The dipped and spun garments were 
batched for different specified time periods before 
tumble drying  at 90◦C for 5 min. The dried 
garments were ironed and  subsequently  oven 
cured at 140◦C for 5 min, soap washed following 
ISO-II 8, washed further with water and dried in air. 
 
RESULTS AND DISCUSSION 
Effect of variation of batching time 
Relevant results are shown in Table I. In each 
experiment, MAA dose level was maintained at 8% 
(w/w) for batching at room temperature (30◦C) for 
0-60 min. under the duel catalyst system and 
subsequent drying by heating at 95◦C for 5 min., 
followed by curing at 140◦C for 5 min., there is a 

notable increase in the weight gain, tear strength 
retention and wrinkle recovery angle; on the other 
hand, breaking load retention decreased with an 
increase in the batching time. The drop in tenacity 
of the finished garments having 0-60 min batching 
at 30˚C was however less than 25%. Bending length 
and whiteness index  remained leveled for the 
entire period of batching .Batching for an extended 
time distinctly favors a higher incorporation of 
MAA moieties on cotton by K2S2O8 induced graft 
copolymerization. Initial S2O8

= induced graft 
copolymerization or homo polymerization of MAA, 
to increasing extents over increasing batching time 
periods, at ambient temperature (30◦C), and further 
polymerization of free MAA and cotton-bound 
MAA moieties during the subsequent drying period 
at 95◦C cause an overall change in environment and 
proximity of the hydroxyl groups of cotton  and 
carboxyl groups of the unbound or cotton bound 
MAA or poly (methacrylic)acid moieties in a 
manner that finally causes an enhanced degree of 
sodium citrate-catalyzed esterification and further 
chain polymerization leading to substantial cross-
linking during curing at 140◦C as revealed by the 
relevant data for wrinkle recovery (Table I). The 
esterification reaction that assumes more 
prominence at the high processing temperature 
(140◦C) in the final stage appears to be somewhat 
dependent on the initial batching time. Increase in 
batching time favors improved transformation of 
the grafted MAA poly (methacrylic) acid units to 
ester moieties at the high curing temperature 
(140◦C) under the influence of the esterification 
catalyst in the final stage of processing. Optimum 
batching time (45-60 min) also allows improved 
diffusion/ penetration of the finishing agent MAA 
within the chain molecules of cotton. 
Effect of variation of pH 
Table I also shows the effect of variation of pH of 
the MAA finishing formulation on the properties of 
the finished garments; Relevant data clearly 
indicate that under slightly acidic condition (pH 6), 
optimum grafting and esterification leading to 
much improved wrinkle recovery angle and 
substantial weight gain are achieved with nearly 
75% retention of breaking strength and more than 
80% retention of tear strength of the initial 
garment/fabric. Under slightly alkaline condition 



(pH 8,9), improvements in  wrinkle recovery angle 
is poor, even though the improvements in tear and 
breaking strength retention are notable. A 
moderately acidic condition (pH 5) results in poor 
retention of breaking strength(<50%) and tear 
strngth (<65%), despite substantial weight gain 
much as a consequence of weakening  of the fibre 
in the fabric of the garment by acid attack. pH 6 
apparently provides  the most optimum condition 
for the finishing process. 
Effect of progressive wash 
MAA finished cotton garment  was washed in 
launder-o-meter following ISO-II washing method 
and effect of such wash on wrinkle recovery of 
finished cotton was studied (data not shown). It 
appears that with increase in wash cycle, wrinkle 
recovery of cotton fabric of the garment suffers a 
monotonous fall showing a wrinkle recovery value 
of  238o after 10th wash cycle. 
 
CONCLUSIONS  
The appropriate MAA finish on cotton under faintly 
acidic condition (pH 6) establishes a formaldehyde 
free and phosphorous free route for achieving 
simultaneous core and surface modification of 
cotton with high scope for incorporation of much 
improved physical and mechanical properties for 
the cotton based garment .fabric. The major 
property advantages that can be derived from AA 
finishes by following a pad-dry-cure technique 

under the dual catalytic influence of sodium citrate 
and K2S2O8 are substantial improvements in (1) 
wrinkle recovery (2) extensibility and (3) moisture 
regain with associate retention of high order of 
tensile and tear strength. Functional group analysis 
and and FTIR spectroscopy indicated that sodium 
citrate catalyst allowed esterification of MAA with 
the cellulosic constituent of cotton and K2S2O8 
allowed  radical polymerization of free MAA or 
cotton-bound MAA moieties; the said process 
ultimately led to some degree of cross-linking of 
the chain polymers of cottn (data not shown here). 
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Table1. Methacrylic acid finishing of cotton. Effect of variation of batching time and pH 

 

 

Cotton 

shirt 

finished 

with 
 

K2 S2 O8 Sodium 
Citrate 

Applica
tion  

pH 

Batching 
time (min) 

Weight 
gain  
(%) 

Wrinkle 
recovery 

angle 
(W+F)0 

Tearing 
strength 
retentio
n (%) 

Breaking 
Load 

(N/cm) 

Elongation 
at break  

(%) 

Bending 
Length 

(cm) 

White
ness 
index 

(Hu
nter
lab 
scal
e) 

Moisture 
regain 

(%) 

8% MAA  
 

+ 
+ 
+ 
+ 
+ 
+ 
- 

 
+ 
+ 
+ 
+ 
+ 
- 
+ 

 
5 
6 
7 
8 
9 
7 
7 

 
45 
45 
45 
45 
45 
45 
45 

 
5.81 
7.63 
7.74 
7.88 
7.94 
6.37 
5.20 

 
195 
252 
244 
228 
216 
194 
206 

 
65 
86 
94 

106 
113 
104 
94 

 
30.11 
47.37 
56.42 
60.55 
67.07 
63.78 
58.56 

 
9.44 
13.62 
14.13 
14.36 
15.41 
13.63 
11.41 

 
1.4 
1.3 
1.3 
1.3 
1.3 
1.3 
1.3 

 
95.01 
97.45 
97.53 
97.11 
97.38 
97.36 
97.16 

 
8.92 
9.76 
10.53 
11.02 
11.14 
9.16 
8.08 

8%MAA  
+ 
+ 
+ 
+ 

 
+ 
+ 
+ 
+ 
 

 
6 
6 
6 
6 

 
0 
30 
45 
60 

 
5.46 
6..91 

  7.63   
7.82 

     

 
209 
227 
252 
256 

 
68 
77 
86 
92 

 
55.63 
50.83 
47.37 
44.02 

 
11.73 
12.84 
13.62 
15.66 

 
1.3 
1.3 
1.3 
1.3 

 
97.31 
97.25 
97.43 
97.81 

 
9.11 
9.87 
10.53 
11.;11 

None - - - - - 169 100 63 11 1.5 97.38 6.47 
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INTRODUCTION 
A droplet on a fiber (of radius r) can adopt two 
completely different geometries. First, an 
axisymmetric form, known as the barrel shape (Figure 
1, Top). This static configuration is well described by 
the Laplace equation, so that physical characteristics 
of the droplet, like the static contact angle θ0 or droplet 
height h0 can be predicted. When θ0 remains high 
(how high is dependent on r and h0), the droplet retains 
an asymmetric form, the clam-shell shape (Figure 1, 
Bottom). This time, the Laplace equation is not the 
relevant equation and, so far, no theoretical analysis of 
this conformation is known. The transition between 
the two geometries, the roll-up transition, is of 
particular industrial interests for the process of the 
detergency of oils from fabrics, and was therefore 
intensively investigated by Carroll [1], McHale et al 
[2], and Eral et al [3]. 
 

.
θ 0Head-on

θ 0Side

h0

r
θ 0Side

.

 
Figure 1: Barrel (Top) and clam-shell (Bottom) shapes 
of a droplet on a fiber at equilibirum. Side and Head-

on views 
 

However, to the best of our knowledge, the spreading 
dynamics, i.e. the dynamical process which leads to 
the two observed static configurations, has never been 
studied. This is the main goal of this ongoing study. 
As a first step toward a better understanding of the 
fundamental mechanisms that control the spreading of 
droplets on fibers, we are using large scale molecular 
dynamics to study the contact-line motion of a droplet 
of liquid L in contact with a fiber F 
 
METHODOLOGY 
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In our simulations, all potentials between atoms, fiber 
as well as liquid, are described by modified pair-wise 

Lennard-Jones 12-6 interactions Uij with rij the 
distance between any pair of atoms i and j. The 
coupling parameters BAC −  enable us to control the 
relative affinities between the atoms. The subscript 
A-B stands for the various possible interactions pairs: 
L-L, L-F, and F-F. BAC −  is set to 1.0 for L-L and F-
F, and to 0.9, 1.0, 1.05, 1.1 for L-F to tune the 
wettability of the fiber. The parameters ε ij and σ ij are 
related respectively, to the depth of the potential well 
and effective molecular diameter. For both fiber and 
liquid atoms, the Lennard-Jones parameters are ε ij = 
0.267 kJ/mol and σ ij = 3.5 Å. In addition, we 
consider a confining potential between nearest 
neighbours to maintain a constant distance between 
any two adjacent atoms within a given liquid 
molecule (8 atoms in length) and an harmonic 
potential for the fiber atoms. This model is 
simplistic, but it contains all the basic ingredients to 
describe the details of wetting for flat surfaces [4] for 
example. A droplet with an initial radius of 8.5 nm 
(5000 molecules) and a fiber with a radius of 4 nm 
and a length of 59 nm were simulated. To describe 
the spreading dynamics, we need to know the droplet 
radius and the contact angle versus time. To achieve 
this, we record the position of the edge of the droplet 
via a density calculation throughout the simulation. 
We then approximate the drop shape by a spherical 
cap and fit it by a circle. We could thus extract from 
the successive configurations, the dynamic droplet 
height and contact angles (θ Side and θ Head-on). To 
interpret these data, we focus on the molecular-
kinetic theory (MKT) [5], which, in its simplified 
version, establishes the following relation between 
the velocity of the triple contact line (TCL) v  and 
the driving force ( )θθγ coscos 0 − : 

( ) 00 coscos ζθθγ −=v  with γ  the surface tension 
of the liquid, θ  the dynamic contact angle, and 

0ζ the contact line friction. Here, this single 
parameter characterizes the spreading dynamics. A 
step further is to assume that 0ζ can be split into two 
parts, the first one originates from the viscosity of 
the liquid and the second from the liquid-solid 
interaction [5]. It yields the following expression 

( )[ ]00 cos1exp θγζ +≈ ba , with a and b constants for 
a given couple of liquid and solid. Thus the 
logarithm of 0ζ  is proportional to ( )0cos1 θγ + , i.e. to 
the work of adhesion between the liquid and the 
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fiber. Our main goal is to check if the spreading 
dynamics can be modelled by this theory. 

RESULTS AND DISCUSSION 
Figure 2 shows three successive snapshots of a droplet 
spreading on a fiber for CL-F = 0.9 (left side) and 1.1 
(right side). These affinities leads respectively to a 
clam-shell and barrel shapes.  

 
Figure 2: Snapshots of spreading droplet with CL-F = 

0.9 (left side) and 1.1 (right side)  
 

The dynamics of the contact angles associated to these 
simulations are presented in Figure 3. For CL-F = 0.9, 
both θ Side and θ Head-on remain larger than 0° which 
indicates partial spreading. After 5 ns, equilibrium is 
reached with θ0

Side = 83.1° ± 4.5° and θ0
Head-on =50.6° 

± 6.0°. For CL-F = 1.1, θ Head-on rapidly reaches a value 
of 0°, i.e. the droplet completely engulfs the fiber. Yet, 
the spreading dynamics is not over as θ0

Side continues 
to slowly decrease. In this case, we can then consider 
that the spreading dynamics is a two-step process. 
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Figure 3: Dynamic contact angles, θ Side and θ Head-on 
for CL-F = 0.9 (blue lines) and 1.1 (black lines). 

 
To determine the speed of the TCL, we use the G-
Dyna software [6], which also yields 0ζ  for the 
simplified version of the MKT. Figure 4 presents the 
data submitted to the G-Dyna software (gray symbols) 
and the best fits (black line), for coupling parameters 
equal to 0.9, 1.0, 1.05, and 1.1. The good agreement 
between the data and the fits reveals that the contact 
line friction could be a relevant parameter to describe 
the dynamics. Moreover, Figure 5 shows that a linear 
relation between the logarithm of 0ζ and the work of 
adhesion is plausible as predicted theoretically. 
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Figure 4: Contact angle dynamics and the MKT fits 
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CONCLUSION 
We use large scale molecular dynamics simulation to 
model the spreading of droplets on fibers. We show 
that the dynamics can be modelled by the molecular-
kinetic theory and that the contact line friction may 
be the relevant parameter to describe the dynamics. 
We believe that this is a first step towards a better 
understanding of droplet on fiber spreading 
dynamics. However, there is a particular need for 
more theoretical and experimental works. This is 
ongoing. 
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ABSTRACT 

A structured hydrophobic surface facilitates the trapping 
of air. This improves the hydrophobicity of the surface 
which can become as water-repellent as a lotus leaf [1]. 
Flocked pile fabric can be considered as a structured 
surface. In this study, a flocked fabric, initially 
hydrophilic, was treated by plasma to provide it a 
hydrophobic character. Then, we investigated its natural 
and forced wetting properties. A liquid droplet was 
deposited on the fabric. It was observed before, during 
and after compression.  

INTRODUCTION

A hydrophobic surface may be more hydrophobic by 
introducing some roughness. There are two possible 
states: either the liquid follows the roughness of the solid 
surface (Figure 1-a), or it leaves air inside the texture 
(Figure 1-b)[1].  

FIGURE 1. The two states of hydrophobicity

In the first case (Figure 1-a), the apparent contact angle 
follows the Wenzel’s Eq. (1) where r is the roughness 
factor, θW is the Wenzel contact angle and θY the Young 
contact angle. 

YW r θθ coscos =                  (1)  

The second possible state, illustrated in Figure 1-b, is 
called Cassie-Baxter state. The liquid contacts the solid 
on the top of the asperities, on a fraction area denoted as 
ϕs and air is trapped under the drop. The apparent contact 
angle θCB can be calculated using Eq. (2).

( )1cos1cos ++−= YSCB θφθ     (2) 

Air pockets should be favoured only if θY is larger than a 
critical angle θC defined by Eq.(3) [2][3].

( ) ( )SSC r φφθ −−= 1cos                   (3) 

However, the Cassie-Baxter state may exist for θY < θC.
But, then, this state is metastable and tends to reach the
Wenzel state. To achieve this, the drop must overcome an 
energy barrier that separates these two states. The 
impalement may occur spontaneously due to evaporation.
This irreversible transition from a “fakir” state to an 
“impaled” state can be done by exerting a pressure on the 
drop [3]. Hierarchical surface, such as lotus leaf, has a
quite good water-repellent character and a resistance to 
impalement more important than a simple textured 
surface [4].

EXPERIMENTAL

The textile substrate was a cotton canvas fabric on which 
the viscose piles are stuck with an acrylate adhesive 
coating. Figure 2 shows a profile image of our sample.

Figure 2. SEM image of the flocked pile fabric

Plasma polymerization of 3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl acrylate has been used to convert the 
hydrophilic character of the viscose piles into 
hydrophobic surface. 
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Figure 3 presents a schematic illustration of the 
experimental device used for the plasma treatment. The 
details are entirely described in [5]. 

Figure 3. Plasma reactor chamber

A drop of water was deposited on the fabric and was 
compressed with the compression tester of the Kawabata 
Evaluation System at a speed of 2.10-4 m/s. The Kawabata 
plunger is covered with a Teflon film. A camera was used 
to capture pictures of the drop before and after 
compression and to record videos during compression. 
The contact angle was measured using ImageJ and 
determined with the snake approach (DropSnake method) 
[6]. Sessile drops of volume V=5µL were deposited on 
the flocked pile fabric with adjustable volume pipette. 
The liquid used was water: density (ρ), surface tension (γ) 
and capillary length (λ) are 998 kg/m3, 72 mN/m and 2.7 
mm respectively. To characterize the wetting properties of 
the fabric, the contact angle was also measured with the 
DSA 100 (Krüss) apparatus using the tangent 2 method.

RESULTS AND DISCUSSION

The plasma treatment has transformed the flocked fabric 
to a hydrophobic surface. The contact angle, measured by 
both methods, is around 143° (Figure 4). The energy 
dispersive spectroscopy (EDX) coupled with SEM has 
showed us that the fluorinated monomer was grafted 
throughout the flocked pile fabric which explains the high 
contact angle. Therefore, our surface has become a 
hydrophobic structure.  

Figure 4. Sessile drop of water on the flocked pile fabric

The drop is compressed against the flocked fabric, with 
different pressures (1 kPa and 10 kPa). After relaxation, 
we observe that the drop has impaled. The contact angle 
fell below 90°: for a compression of 1 kPa and 10 kPa, the 

contact angle after compression is respectively 44.5° and 
19°. This shows that the critical pressure of our sample is 
less than 1 kPa. Indeed, the compressive force increases 
the pressure inside the drop and hence the Laplace 
pressure increases causing a wetting transition and a 
spreading of the drop in the flocked pile fabric [7].
Similar tests [8] were done on a lotus leaf and the results 
are identical: exceeding the critical pressure of the surface 
causes a state transition and the contact angle falls from 
150 ° to 0 °. The spreading of the drop seems to have no 
privileged direction and, on the reverse side, there are no 
traces of water. 

CONCLUSION

Initially, we carried out a plasma treatment that allowed 
us to transform our hydrophilic surface to a hydrophobic 
surface with a contact angle of a sessile water drop of 
about 140 °. In general, the hydrophobic or hydrophilic 
character is determined by observing a sessile drop on a 
horizontal surface without applied stress. Nevertheless, 
currently a textile material is submitted to stress. In this 
paper, we propose a new way to examine the 
hydrophobicity of a flocked pile fabric. A sessile drop on 
the textile substrate undergoes a pressure. We note that 
the drop has impaled the fabric due to the applied pressure
of 1kPa and the hydrophobic character has decreased or 
even disappeared. Hence, a textile substrate reported as 
hydrophobic, may lose that character under stress and
becomes wet. Thus, in the case of a textile substrate, to set 
its hydrophobicity just with the determination of the 
contact angle is not enough. In addition, we should set
other parameters such as the critical pressure over which 
the hydrophobicity vanishes. 

KEYWORDS

Contact angle, hydrophobicity, wetting transition, plasma 
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OBJECTIVE 
The purpose of the current paper is to study the influence 
of the environment (solution or textile matrix) onto the 
halochromic properties of azo dyes, using a combined 
experimental and theoretical approach. 
 
INTRODUCTION 
An increasing interest in colour changing textiles or so 
called chameleon textiles is recognized in the 
international literature since these textiles can be used as 
fast and simple sensor systems. Even though most 
attention has so far mainly been given to thermochromic 
and photochromic materials, halochromic textiles have 
potentials for many applications such as wound dressings 
and protective clothing.[1] 
 
Recently, pH-indicators have been applied to textile 
materials, thus creating flexible sensors.[2-4] These 
textile sensors maintain all advantages of textile materials, 
meaning they are flexible, applicable on large surfaces 
and can give a local signal by local discolouration. This 
colour change is easy to perceive and can be used as a 
first warning signal. Besides textile materials, pH- 
indicators have been immobilized in several ways to 
create sensors for various applications.[5-7] 
 
In this work, a combined experimental and theoretical 
approach will be used in order to gain a better 
understanding of the colour changing mechanism and the 
influence of the environment hereupon. The dye used in 
this work is ethyl orange (EO), which is a prototypical 
example of an azo dye (Figure 1). A starting point for this 
analysis is the dye in aqueous solution. The experimental 
work will mainly consist out of UV-VIS spectroscopy. 
Computational, static calculations will be used to analyse 
the colour changing mechanism and molecular dynamics 
simulations will be assessed to accurately reproduce the 
experimental spectra. 
 
APPROACH 
EO was supplied by Sigma-Aldrich and polyamide 6.6 
(PA 6,6) by Concordia Textiles. Experimental UV-VIS 
spectra were measured by the spectrophotometer Lambda 
900 from Perkin-Elmer. Transmission measurements in 
solution are recalculated to absorbance and reflection 
measurements on fabrics to Kubelka-Munk. 
 
All in vacuo calculations in this research were carried out 
in Gaussian09,[8] using the B3LYP electronic structure 
 

 
FIGURE 1: Lewis structure of ethyl orange (EO). 

 
method with a 6-31+G(d,p) basis set. [9,10] Molecular 
Dynamics (MD) simulations  were carried out in the 
CP2K software package, using the standard 
algorithms.[11] Ethyl orange (QM-level) is surrounded by 
a waterbox of 44.9 x 33.8 x 39.7 Å containing 1830 water 
molecules (MM-level). For the interaction between the 
QM and MM region, electrostatic embedding is used. 
Implicit solvation is modeled by using IEF-PCM and the 
SMD parameter set.[12] UV-VIS spectra were calculated 
with TD-DFT, using 30 excited states. 
 
RESULTS AND DISCUSSION 
Experimental spectra 
Experimental UV-VIS spectra of EO as a function of pH 
were measured in aqueous solution and dyed onto PA 
6,6,. In aqueous solution (Figure 2), the UV-VIS spectra 
clearly show a colour change: between pH 5 and 3 the 
colour of EO changes from orange to red (Figure 2).[5] In 
the visual area of the spectrum, Figure 2 shows a well-
defined peak at 473 nm above pH 5. Below pH 5, the 
absorption peak shows a bathochromic shift to 508 nm. 
Here, the spectrum also shows a shoulder at 531 nm, 
which can point to two electronic structures. In the UV-
area, the absorption peak shifts from 277 nm to 317 nm. 
These shifts clearly indicate a change in the electronic 
structure of the molecule which was confirmed by Raman 
spectroscopy. 
 

 
 

FIGURE 2: Experimental UV-VIS spectra of EO in aqueous solution at 
different pH values. 



 
 

FIGURE 3: Experimental UV-VIS spectra of EO dyed onto PA 6,6 at 
different pH values. 

 
Figure 3 shows that EO dyed onto PA 6,6 maintains a 
colour change, but at different pH values and between 
different colours. At this point, the exact nature of the 
involved species as well as the influence of the solvent or 
textile matrix are still unclear and therefore the parent EO 
compound, as well as possible singly and doubly 
protonated species will be examined in detail using DFT 
simulations. 
 
Theoretical results 
For details on the molecular simulations, the reader is 
referred to recently published work.[13] In this abstract, 
an overview of the main results will be given. Calculated 
wavelengths will be compared to experimental values to 
gain a better understanding in the molecular changes 
when changing the pH. 
 
Based on the experimental results, a protonation on one 
(or two) of the nitrogen atoms of EO is a likely structural 
change. A first computational analysis can be made with 
static calculations in which only one geometry (lowest 
energy state) is considered. The optimized in vacuo 
structure (which is essentially considering the dye isolated 
in space) is depicted in Figure 4, as well as three possible 
protonation sites. 
In vacuo energy calculations showed that protonation on 
site C (EOC) is energetically most favourable. EOC will 
hence further on stand as model for the dye in acidic 
environment.  In addition to the in vacuo calculations, an 
implicit solvent model can be used. In this model, a 
reaction field is placed around the molecule to mimic the 
electrostatic influence of the solvent. In both cases, the 
calculated maximum absorbance wavelengths are 
compared to the experimental values in Table I. 
 
Because the results were still not satisfactory, a MD 
simulation was performed. MD simulations describe the 
time evolution of the geometry, taking the solvent into 
account explicitly. These simulations were performed for  
 

 
 

FIGURE 4: Optimized in vacuo structure of EO with marked 
protonation sites 

 
both EO and EOC and from each simulation, 100 
snapshots were taken. For each snapshot, the UV-VIS 
spectrum was calculated using TD-DFT, of which the 
averages are given in Table I. The theoretical results 
almost coincide with the experimental values.[13] 
 

TABLE I: Computed absorption maxima (in nm) of EO and EOC 
compared to experiment 

 

Experimental 
values 

Model 
compound 

In 
vacuo 

Implicit 
solvation MD 

pH > 5    473 EO 411 453 476 
pH < 3    508 EOC 497 470 508 
 
Based on these promising results, further research will be 
carried out to better understand the effect of polyamide 
fibres on the halochromism of EO. 
 
CONCLUSIONS  
In this work, a combined experimental and theoretical 
approach was used to unravel the pH-sensitive behaviour 
of ethyl orange (EO). Based on experimental results, a 
theoretical method is proposed describing not only the 
neutral but also the protonated form of EO. This model 
thus accurately describes the halochromic behaviour of 
azo dyes and can be expanded to include the interaction 
with textile fibers in further research. 
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STATEMENT OF PURPOSE/OBJECTIVE  
Cotton is a popularly used natural fiber resource in the 
world textile industry. Large amounts of waste cotton 
fabrics are generated every year, and most of them have 
to be as a waste disposal which will be landfilled or 
incinerated. But in fact, these waste cotton fabrics have a 
great potential to serve as an alternative cost-effective 
feedstock for the production of bacterial cellulose, a high-
value biomaterial, via microbial fermentation. Cotton 
textiles must be pretreated to attain a larger surface area 
accessible to water and enzymes because of high degree 
of polymerization and crystallinity of cotton in order to 
obtain efficient saccharification and high sugar yields. In 
this study, an ionic liquid 1-allyl-3-methylimidazolium 
chloride ([AMIM]CL) was used to dissolve the waste 
dyed cotton fabrics and then subjected to cellulose 
regeneration followed by enzymatic hydrolysis for 
bacterial cellulose production. This approach can realize 
economical conversion of cellulosic waste to high value-
added products with potential additional benefits 
including saving natural cellulose resources and reducing 
environmental problems, and also provide abundant 
“green” and new cellulose raw materials for the textile 
industry. 
 
INTRODUCTION 
Bacterial cellulose (BC) is characterized by specific and 
extraordinary properties based on its nano-fibrillated 
network which has the excellent potential to become an 
important part of future novel applications [1]. BC is also a 
very important and eco-friendly cellulose resource for the 
textile industry. Recently, it has been proven that BC can 
be used to spin into regenerated BC fibers [2]. However, 
problems of high production cost have limited BC 
applications. Many studies have been focused on 
decreasing BC production cost by using cost-effective 
feedstocks, such as konjak glucomannan [3], wheat 
straw [4] and rice straw [5]. Waste cotton fabrics contain 
large amount of cellulose which can be degraded to 
fermentable sugars for BC production. Cellulose can be 
dissolved in hydrophilic ionic liquid ([AMIM]CL) and 
can be easily regenerated from the ionic liquid solution by 
addition of water [6]. Regenerated cotton celluloses from 
undyed fabrics showed an accelerated rate of enzymatic 
hydrolysis and a higher BC production obtained from the 
sugars in hydrolysates [7]. 

In this study, the enzyme hydrolytic rate before and 
after pretreatment was compared, the impact of 

concentration of dyes on cellulase activity and BC 
production were investigated. In order to remove 
inhibitors, enzymatic hydrolysates of regenerated cotton 
cellulose were detoxified. The components of waste 
cotton fabrics enzymatic hydrolysates were analyzed by 
an HPLC method. 
 
APPROACH 
 

 
Fig. 1 Approach how to transform waste dyed cotton fabrics to BC. 

Fig. 1 demonstrates that an approach how to transform 
waste dyed cotton fabrics to BC. Waste dyed cotton 
fabrics were pretreated by ionic liquid ([AMIM]CL) and 
then regenerated by adding water. Regenerated cotton 
cellulose showed an accelerated rate of enzymatic 
hydrolysis. Enzymatic hydrolysates from various waste 
fabrics sometimes contained inhibitors to prevent 
bacterial growth, therefore they were detoxified before 
BC production. 
 
RESULTS AND DISCUSSION 
Regenerated cotton celluloses after pretreatment in ionic 
liquid was more easily hydrolyzed by cellulase to produce 
sugars than that untreated. After 48 h, all regenerated 
cotton celluloses were converted into soluble sugars and 
the enzymatic solutions were clear, while a large fraction 
of untreated cotton cellulose remained suspension in the 
solution (Fig. 2). 



  
Fig. 2 Enzymatic hydrolysis of untreated (a, b, c) and regenerated (d, e, f) 
dyed waste cotton fabrics for 48 h at 50oC. 
 

The concentrations of some dyes have a little effect 
on the rate of enzymatic hydrolysis. In the culture media 
containing dyes of low concentration, bacterial cellulose 
can be produced by acetic acid bacteria. The yield of BC 
was the same as in a glucose culture medium. But at a 
high concentration, bacteria could not grow. 

 
Fig. 3 BC pellicles produced in the culture media containing dyes at low 
concentration. 
 

The yields of BC from the culture media composed 
of enzymatic hydrolysates of waste cotton fabrics were 
much higher than that from glucose culture medium when 
initial sugar content was same. The sugars in the 
enzymatic hydrolysates of waste cotton fabrics were 
detected by DNS, phenol-sulfuric acid assay and HPLC 
analysis. Further studies were on the way in our lab. 
 
CONCLUSIONS 
Waste dyed cotton fabrics can be pretreated effectively by 
using ionic liquid ([AMIM]CL) to make enzymatic 
hydrolysis efficiently to produce fermentable sugars. 
Some dyes showed toxin which inhibited bacterial growth, 
so did the enzymatic hydrolysates of dyed fabrics. After 
detoxification, the hydrolysates could be utilized as 
carbon source for BC production. The yields of BC varied 
much in the enzymatic hydrolysates of different waste 
dyed cotton fabrics. 
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ABSTRACT

As cellulose finds applications in areas as diverse as 
composite materials, textiles, drug delivery systems and 
personal care products, grafting of a new reactive 
cyclodextrin (β-cyclodextrin itaconate) (Figure 1) onto 
the surface of cotton fabric was investigated in this study.
In accordance with the results, the presence of a vinyl 
group in this new compound (CDI) was found to be useful 
for chemically bonding onto the surface of cellulose fibres 
via graft copolymerisation. In addition, the impact of the 
grafting of this reactive cyclodextrin monomer on the 
performance of cotton fabric was investigated. The 
presence of anchored CD nanoparticles on the surface of 
the fibres was demonstrated by using SEM and FTIR as 
well as the ability of the attached CDs to form inclusion 
complexes.  

Figure 1. Schematic of β-cyclodextrin itaconate compound. 

Figure 2. Graft copolymerization of CDI on cellulosic fabric. 

INTRODUCTION 
Cyclodextrins (CDs) are macrocyclic compounds built 
from six to eight (α= 6, β= 7, γ=8) D-glucose units linked 
by α-(1,4)-glycosidic bonds [1-3]. As β-cyclodextrin (β-
CD) is capable of forming inclusion complexes but cannot 
form a direct covalent bond with textile materials; hence, 
some cyclodextrin derivatives have been synthesized with 
reactive groups to allow them to chemically bind to 
various substrates. In our studies, β-CD was modified 
with itaconic acid containing carboxyl and vinyl groups 
because this bifunctional compound (β-cyclodextrin 
itaconate) can be attached to β-CD via the esterification 
reaction and because its vinyl group can perform free-

radical polymerization [4]. The grafting copolymerization
of this reactive cyclodextrin on (CDI) cotton fabric was 
studied. 

EXPERIMENTAL
To investigate the method of graft copolymerisation on 
cotton and evaluate the effect of reaction parameters on 
the performance of the modified fabrics, the samples were 
pre-treated with CAN (0-0.015 mol/L), padded with CDI 
(10-50 g/L), then dried at different temperatures (60-100
°C) for various times (1-5 min), and finally cured at the 
temperature between 120-210 °C for a length of time 
about 0.5-5 min in the pad-thermofixation method.
The performance of the modified cotton fabrics were 
characterized by grafting yield, tensile strength and 
wrinkle recovery behaviors. The presence of bounded 
CDI and its ability for molecular encapsulation were 
investigated by using SEM, measuring decreases in the 
absorbance intensity of phenolphthalein and the inclusion 
complex formation of cyclohexane.

Figure 3. Tensile strength loss and relative WRA of the cotton 
fabric pretreated at the different curing temperatures. 

RESULTS AND DISCUSSION

Performance evaluation of modified fabrics

It would be helpful to consider the probable modification 
mechanisms of cotton with CDI under the influence of 
CAN used as the catalyst to induce free-radical 
polymerisation and graft copolymerisation of CDI on 
cellulose.

mailto:mnnazi@standard.ac.ir


Based on our results, the impact of the grafting (Figure 2) 
of the reactive cyclodextrin monomers on the 
performance of cotton fabric was evaluated and the results 
showed that although activation of the surface is 
attributed to cellulose degradation, the graft 
copolymerization of CDI monomers could be responsible 
for the compensating increase in its tensile strength and 
crease recovery in the suitable conditions. In addition, it 
can be assumed that, although factors such as CAN 
concentration and curing temperature (Figure 3) are more 
significant for the graft copolymerisation of CDI, other 
factors may control the mechanism for the modified fabric 
with improved performance. 
 
ATR-FTIR spectra 
The reaction of CDI with cellulose was confirmed by 
comparing the ATR-FTIR spectra of the control fabric 
and the fabric modified with CDI, as shown in Figure 4. 
  

 
Figure 4. ATR-FTIR spectra of control and grafted fabric with 
CDI. 
 
SEM micrographs 
According to the SEM micrographs, it was clear that the 
surface morphology of the grafted cellulosic fibres with 
CDI differed from the control fibres.  The nanoparticles 
(diameter: ~470 nm) on the modified fibres surface in the 
resulting micrographs confirmed homogenous and 
uniform grafting of CDI. 

 

  
Figure 5. SEM micrographs 

 
Evaluation of inclusion complex formation on the 
surface 
Images of a drop of water on the surface of the control 
and modified cotton fabrics after treatment with 
cyclohexane were obtained using an optical contact angle 
measuring instrument. It is obvious that the fabric 
modified with CDI became highly hydrophobic after 
treatment with cyclohexane, as its contact angle 

(approximately 124°) increased in comparison with the 
control fabric (approximately 88°).  Therefore, it can be 
assumed that, although the modified fabric is completely 
hydrophilic, it has the capability of forming inclusion 
complexes with hydrophobic molecules. 

CONCLUSION   
By controlling the mechanism for grafting the reactive 
cyclodextrin on the cellulose, modification of cellulosic 
fabrics does not show any negative effect on the 
performance of cotton fabric.  The results of inclusion 
complex formation and SEM also demonstrated the 
accessibility of the cyclodextrin cavities for molecular 
encapsulation on the surface of cotton fabric. 
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OBJECTIVE 
This study examines the high-speed impact resistance of 
hybrid soft armor fabrics coated with shear thickening 
fluid (STF). The study was focused on the layering 
sequence of STF coated fabrics in the hybrid panels and 
related parameters such as fabric count and crimp ratio. 
Also, the relationship between the rheological property of 
STF and the mechanical/protective properties of STF 
coated fabrics were investigated. 
 
INTRODUCTION 
For the past decade some colloid scientists and engineers 
have wrestled with STF for its application to personal 
protection as well as various industrial fields. The most 
frequently used STF in research is a mixed condensed 
matter composed of solid phase silica nanoparticles and 
liquid phase polyethylene glycol (PEG). Such a mixture 
shows a dramatic jump in shear stress with shear rate 
when the particle volume fraction is just below the critical 
value (фc=0.58). At a shear rate above the critical 
external shear stress, the space occupied by the solid 
particles increases, leading to solid-like behavior of the 
matter.  
 

 
 
This characteristic of STF enables STF coated fabrics to 
remain flexible at normal conditions, but instantly harden 
upon impact, offering protection against the impact. The 
high-speed impact resistance of hybrid soft armors 
produced with such external force-responsive smart 
material was investigated.  
 
APPROACH 
Rheological behavior of dense particle suspensions 
Silica nanoparticles with diameters of 15, 45, 100, 300 
and 500 nm were mixed with PEG (MW200) at particle 
volume fractions of 0.48~0.57. The onset point of shear 
thickening and the global failure of the shear thickened 
matter were investigated with a stress controlled 
rheometer operated in steady-shear rate sweep mode. 
 

Mechanical behavior of STF coated fabrics 
To study the effect of STF coating on the fabrics, single 
yarn pullout properties and elongational properties were 
investigated with a UTM . 
 
High-speed impact properties of hybrid soft armor 
fabrics coated with STF 
High-speed impact resistant properties, i.e. ballistic limit 
(V50) and back face signature (BFS), were characterized 
by ballistic impact tests with a 5.56mm fragment 
simulating projectile (FSP), a 9mm full metal jacketed 
(FMJ) bullet and a .44 Magnum semi-jacketed hollow 
point (SJHP) bullet under clay backing condition. 
Ballistic panels made of all p-aramid woven fabrics or p-
aramid woven fabrics combined with uni-directionally 
oriented (UD) fabrics were prepared. Some of the woven 
fabric layers were coated with STF. The STF coated 
fabrics were layered either in front of or behind the 
untreated woven fabric layers to investigate the effect of 
hybridization on ballistic performance.  
 
RESULTS AND DISCUSSION 
Figure 2 shows the rheological behavior of dense particle 
suspensions composed of 100 nm silica nanoparticles and 
PEG. The suspensions showed a dramatic jump in shear 
stress at the critical shear rate and solid-like global failure 
above the critical shear stress. The onset stress of shear 
thickening was dependent upon particle size, while the 
global failure stress of the shear thickened matter was 
dependent upon particle volume fraction as well as 
particle size. 
  
 

 
Fig. 2 Shear stress vs. shear rate curves of STFs with 
different particle volume fractions 



Figure 3 shows the maximum yarn pullout force of neat 
and STF coated fabrics, where the increased pullout force 
of STF coated fabrics can be observed as well as the 
pullout rate dependency on particle volume fraction. STF 
coating also suppressed the retardation of the elongational 
wave and facilitated the synchronized in-plane (i.e. warp 
and weft) elongation.  
 

 
Fig. 3 Single yarn pullout curves of STF(45nm) treated 
fabrics 
 
Fig. 4 and table 1 show the decreased BFS and increased 
V50 of STF coated hybrid panels compared to all neat 
fabric panels against 9mm FMJ RN bullet, respectively. 
Fabric count and the difference between the warp and 
weft crimp ratios in a single layer affected the degree of 
enhancement in the ballistic performance of hybrid panels. 
 

 
Fig. 4 BFS value of STF-aided hybrid panels caused by 
9mm FMJ RN shot at 436 m/s 
 
Table 1 V50 of  hybrid STF coated soft armor fabric 

 

Fig. 5(a) shows schematic illustrations of yarn bundles 
composed of two yarns located in different layers, where 
the sequential elongation of two yarns with increasing 
modulus shows better coupling. Fig. 5(b) shows the 
increase in tension in each panel under the assumption of 
bullet expansion at 0.36 GPa, which was calculated using 
the accumulative line segments method. 
 

 
Fig. 5 (a) Sequential elongation of two yarns vs. tension 
increase, (b) increase in tension in neat panels and hybrid 
panels 
 
CONCLUSIONS 
STF coated hybrid panels showed increased ballistic 
resistance against expandable bullets when the STF 
coated fabrics were layered behind the neat layers. The 
increase in ballistic performance was presumed to be due 
to the better coupled yarn elongation in the frontal neat 
layers and the rear STF coated layers, and to the resultant 
increased bullet expansion. To take full advantage of the 
layering effect, fabric parameters such as crimp ratio and 
the crimp balance between the warp and weft yarns 
should also be considered.  
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Wearable electronics has received increasing interest 
in recent years because of its attractive applications in 
communications, actuations, energy, data management, 
and biological sensors for medical purposes.[1-5] One of 
the biggest challenges remained to solve is the fabrication 
of durable, flexible, stretchable, and even washable 
electrode materials which are inevitable to all wearable 
electronic devices. This paper will introduce two types of 
electrode materials recently developed in our laboratory. 
The first one is a highly flexible and even stretchable 
metallic textile. The second one is a graphene composite 
thin film which can be used as transparent electrode in 
organic optoelectronic devices.  

1. FLEXIBLE AND STRETCHABLE METALLIC 
TEXTILE 
Metallic Coated Cotton Yarns 

The fabrication of flexible metallic coated cotton 
yarns mainly consists of two steps: (1) the synthesis of 
polyelectrolyte nanoplatforms onto cotton surfaces by 
surface-initiated atom transfer radical polymerization (SI-
ATRP) and (2) the electroless deposition (ELD) of metal 
particles onto the nanoplatforms.[6]  

Briefly, ATRP initiators are first immobilized onto 
cotton surfaces via a silanization process, from which 
poly [2-(methacryloyloxy)ethyl-trimethylammmonium 
chloride] (PMETAC) brushes are grown via a water-
mediated SI-ATRP process.[6-9] To carry out the ELD 
process, the PMETAC grafted cotton is first treated with 
an ion exchange solution to generate the palladium 
moieties and then placed in an ELD plating bath, where 
metal (e.g. Cu) particles are deposited onto the cotton 
surfaces (Fig. 1A). The chemical route can be easily 
extended to making conductive cotton fabric. The as-
made conductive cotton yarns can be used as conductive 
wires in an electronic circuit, e.g. to power a LED (Fig. 
1B-C). The as-made metallic cotton yarns show excellent 
mechanical and electrical stability under extensive 
rubbing, bending, stretching, and washing.  
 
Stretchable Metallic Conductors 

The metal-coating strategy can be applied to fabricate 
stretchable metallic conductors with a proper 
modification. The metal ELD process is carried out when 
an elastomeric substrate modified with polyelectrolyte 
nanoplatforms is uniaxially or biaxially stretched with a 
specific prestrain. When the stress is released, the 
elastomeric substrate recovers to its original dimension 
and the metal thin film on top buckles.[10] 

The as-made elastomeric conductor maintains stable 
metallic conductance when it is reversibly stretched and 
released at a strain range from 0 to its prestrain (Fig. 2). 
The conductivity only drops by 10-15% at the fully 
stretched stage and can recover when completely relaxing 

(Fig. 2A-B). During stretching, the amplitude of the 
surface buckle decreases while the wavelength almost 
does not change (Fig. 2C). As proof-of-concept, a LED-
integrated stretchable circuit is demonstrated (Fig. 2D-F). 
More interestingly, the circuit is still functioning at 300% 
strain by using a Cu-coated rubber band (Fig. 2F). 
  

 
Figure 1. A) SEM image of the Cu-coated cotton fiber. 
Conductive yarn (B) or fabric (C) is used as electrical 
wire for powering a LED.[6] 
 

The key feature herein is the enabling polyelectrolyte 
nanoplatform, which allows the metal electroless 
deposition at its prestrain stage, as well as offering robust 
adhesion between the buckled metal layer and the 
complain substrate. In addition, such method is 
compatible with substrates of different shapes, sizes, and 
materials. The as-made conductor provides conductivity 
as high as metal, while still can be stretched like an 
elastomer, which can be attributed to the strategy 
“materials that stretch” in contract to “structures that 
stretch”.[5] 
 

 
Figure 2. A) Change in conductivity (P/P0) of the 
stretchable conductor fabricated at 70% prestrain as a 
function of tensile strain. B) Conductivity stability of the 
stretchable conductor fabricated at 70% prestrain under 
repetitive stretching and relaxing. C) Optical images of 
the morphologies of the buckled Cu layer on top of 



PDMS at various tensile strains. D) I-V curve of the of the 
LED integrated circuit using the as-made Cu-coated 
PDMS stretchable conductors as the wires measured at 
various tensile strains. E) Digital images of the circuit in 
D) at 0 and 70% tensile strain. F) Digital images of the 
circuit using Cu-coated rubber band at 0 and 300% tensile 
strain.[10]  
 
2. GRAPHENE COMPOSITE ELECTRODE 

A strategy for large-scale synthesis of graphene is 
present to improve the solubility of graphene by the in 
situ reduction of graphene oxide modified with a small 
surfactant SDBS. The key feature herein is to exfoliate 
graphite oxide with surfactant and subsequently to reduce 
to graphene in situ. With this method, graphene can be 
produced at the gram scale with high concentration and 
stability in aqueous solutions, which allows the further 
solution processing of graphene composite electrodes 
(GCEs).[11] 

GCEs are fabricated by spin coating of a mixture of 
SDBS-graphene and PEDOT:PSS onto a 150 µm thick 
PET substrate and subsequent annealing at 150 oC. The 
SDBS-graphene sheets form a lamellar structure with 
PEDOT:PSS in the thin films (Fig. 3B). As expected, the 
sheet resistance decreases from 227 ± 15 to 80 ± 10 Ω sq-1 
when the doping concentration of SDBS-graphene 
increases from 0 to 1.6 wt% (Fig 3C). Importantly, the 
GCE has high transparency (Fig 3A and D) and blending 
stability (Fig. 3D), which are essential in flexible 
optoelectronic applications. The as-made GCEs exhibit 
highly mechanical and electrical stability, and is validated 
in fabricating OLED devices. 

 

 
Figure 3. Digital image (A), SEM image (B), and relative 
sheet resistance change after bending test (E) of the GCE 
on PET (1.6 wt% SDBS-graphene). Sheet resistance (C) 
and transparency (D) of GCE/PET with different doping 
concentrations of SDBS-graphene.[11] 
 
3. CONCLUSIONS 

This paper introduces solution-processed, ambient, 

low-cost, highly scalable, and versatile technologies to 
prepare highly conductive and durable electrode materials 
and their applications in conductors such as conducting 
wires and transparent electrodes. In the preparation of 
highly flexible and stretchable metallic textiles, the key 
innovation here is the enabling polyelectrolyte 
nanoplatform, which serves a promising adhesion layer 
between metal layer and substrates. Graphene-based 
composite electrode, on the other hand, is prepared by 
simple spin-coating of a highly soluble and stable SDBS-
graphene/PEDOT:PSS mixing solution onto PET 
substrates followed by annealing at a much lower 
temperature. The present technologies will find 
applications in the next generation of wearable 
electronics, sensors, solar cells, and actuators. 
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STATEMENT OF PURPOSE/OBJECTIVE 

Development of responsive camouflage textiles by 
coloration of electrically conductive plain woven cotton 
fabrics with thermochromic colorants was undertaken. 
Electrically conductive cotton woven fabrics were 
prepared by using 100% cotton yarns in warp and a core 
sheath nichrome-cotton yarn in weft. The fabric thus 
prepared was made conductive by joining the conductive 
yarns in a way so as to enable the current to pass through 
the weft yarns in parallel as well as series modes. The 
fabrics prepared were desized, scoured and dyed with 
thermochromic colorants. Passing current through the 
fabric generated heat, allowing the colour of the fabric to 
be changed between two or more predetermined shades. 

 INTRODUCTION 

Use of thermochromic colorants for development of 
camouflage/novelty articles is well established. Under 
normal conditions, the colour depends upon surrounding 
temperature. If the surrounding temperature changes such 
that it passes through the activation temperature of the 
article colored with the thermochromic colorant, a color 
change from colorless to colored state or vice versa will 
take place. However if the temperature remains above or 
below the transition temperature, no change in the color 
will take place. Here the trigger (stimulus) for color 
change is temperature, which is not under the control of 
user.  

In the current proposal, the authors propose to place the 
stimulus at the disposal of the user or the wearer of the 
garment having the camouflage pattern. This is proposed 
to be achieved by applying the thermochromic colorants 
on an electrically conductive fabric. When current passes 
through the fabric, heat is generated and the temperature 
of the fabric rises irrespective of the surrounding 
temperature. Depending on the requirement, a specific 
color (or more colors) may be made to fade by raising the 
temperature of the fabric to a desired level by controlling 
the heat generated.  
 
APPROACH 

Material- Cotton yarns of English count 20s was used as 
warp and 8s count core sheath yarn with 44 SWG 
(standard wire gauge, 24 Ω per meter) thickness nichrome 
wire in core as weft to prepare plain woven fabric on a 
sample rapier loom (CCI Tech Inc). The fabric was 
desized and scoured on a laboratory scale winch machine. 

The fabric was then dyed with thermochromic colorants 
using standard recipes. The ends of the dyed samples 
were connected to obtain series and parallel connections. 
The circuit was completed by connecting two extreme 
ends to a digital multiple D.C. power supply, where it was 
possible to change and monitor the voltage (V) and 
current (A) digitally. 
 
Test methods-The colour of the fabric was measured as 
function of fabric temperature (which increased when the 
current was passed through the fabric). A reflectance 
spectrophotometer (Grytag Mcbeth, Color Eye 700A) was 
used for colour measurement. L*, a* and b* values were 
computed for illuminant D65 and 10° observer.  
 
RESULTS AND DISCUSSION 
Effect of voltage on temperature raise: 
 
The effect of voltage on temperature raise in series and 
parallel modes is illustrated in the Figure 1 and 2. It was 
found an almost linear relation existed between the 
voltage and temperature raise. For series connection only 
20 V electricity was enough to raise the temperature by 
more than 25oC. 
 

 
  
Figure 1. Effect of voltage on temperature raise of fabric 
in series mode 
 

 

Figure 2. Effect of voltage on temperature rise in fabric in 
parallel mode 
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Effect of Temperature on Reflectance Spectra of 
Thermochromic Red Color 

 

Figure 3. Effect of Temperature on Reflectance of sample 
dyed with red colorant 

 

Figure 4. Effect of Temperature on Reflectance for 
sample dyed with mixture of colorants 

Figure 3 shows the reflectance spectra of sample dyed 
with red thermochromic colorant. As the temperature of 
the sample increases, the reflectance changes gradually 
and around 26oC (Activation temperature) it becomes 
achromatic.  

In Figure 4, the spectra of a green colorant (obtained by 
mixing blue thermochromic colorant and yellow pigment) 
is shown. As can be seen, with increase in temperature, 
initially the green color becomes lighter (fading of blue 
colorant) and above the transition temperature of blue 
colorant (26oC), it becomes yellow as blue color fades 
completely but yellow color remains unaffected. 

 
The change in color thus obtained is reversible and is 
restored when the applied voltage is removed.  
 
Wash Fastness of samples 

The traditional assessment method using grey-scale 
standards is not appropriate for thermochromic textiles, in 
view of their dynamic color change properties. Hence, a 
comparative study on color build-up on the test sample 
before and after the wash fastness test was used as a 
measure of the wash fastness behavior. Wash fastness 
properties of the samples dyed with red thermochromic 
colorant were carried out with ISO 105-C03 test. The 

samples were washed repeatedly four times. ΔE and K/S 
values after each wash are shown in table 1. 

Table 1 Wash fastness results of fabric dyed with red 
colorant 

Sample ΔE K/S 
Control 

 
1.52 

1st wash 1.65 1.21 
2nd wash 1.59 1.26 
3rd wash 3.22 1.17 
4th wash 4.4 1.1 

 
As can be seen, after each wash both ΔE and K/S change. 
However, the changes are acceptable in considering the 
nature of the colorants. 

CONCLUSION 

It was possible to manufacture a conductive woven fabric 
by having a 100% cotton yarn in warp and a core spun 
nichrome-cotton yarn in the weft. The conductive fabric 
responds to application of voltage across it by raising its 
temperature which depends on the kind of connection 
(series or parallel) and the voltage applied. When the 
fabric dyed with thermochromic colorants is heated by 
passing the current through weft yarns, its temperature 
increases and the color fades when the temperature 
increases beyond its transition temperature. By mixing 
thermochromic colorants having different transition 
temperatures or thermochromic colorants with non 
thermochromic pigments, it is possible to have fabric 
colors which change with change in fabric temperature. 
As it is possible to control the temperature of the fabric by 
controlling the voltage applied, the user can create a 
premeditated fabric color matching with a changing 
background. 

FUTURE WORK 

More fabric constructions with finer nichrome filaments 
or other metals can be used. It would be useful if fabric 
comfort properties and light fastness of thermochromic 
colorants on such fabrics can also be studied. 
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ABSTRACT 
We have recently developed conductive fibers (e-fibers) 
through plasma metallization technology. These fibers 
can be used to develop wearable electronics. Thin (50-200 
nm) silver coating on these fibers offers good flexibility 
and textile haptic but poses challenges in terms of 
susceptibility to corrosion and proper electrical insulation. 
Thus in this research we have developed thin flexible 
protective and insulative coatings for the e-fibers which 
can offer protection against H2S corrosion and provide an 
adequate electrical insulation.   
 
INTRODUCTION 
Over the past decade there has been an increased impetus 
for development of wearable technology in context to 
smart textiles. This includes material based development 
such as use of carbon nanotubes [1, 2], application of 
conductive polymers [3-5], functional coatings of 
polyelectrolytes [6, 7] and application of metals films on 
fibers [8-11]. Textiles are usually made of organic fibers 
with very poor electrical conductivity. Electrically 
conductive fibers are one of the most vital components for 
development of wearable technologies. In the past few 
years there have been several attempts by researchers to 
develop conductive fibers by applying thin layers of metal 
to the surface. A plasma based sputtering process 
developed by EMPA [8, 12, 13] and more recently the 
electrochemical plating process [11] are the notable 
highlights. Metals like gold and silver seem to be the 
metals of choice owing to their noble nature and excellent 
conductivity. Silver as a metal is the most promising for 
its application in development of conductive fibers 
because it is relatively cheap, has very high conductivity 
and has high sputtering efficiency in the plasma 
application. Furthermore the plasma based process is 
versatile (simultaneous cleaning and sputtering) and 
excellent adhesion of silver to the fiber surface can be 
obtained [8]. Conductive fibers with very low resistance 
(~5-10 Ω cm-1) can be obtained by application of thin 
silver layers (50-200nm) on monofilament polyester 
fibers [8].  
Although silver is a noble metal and quite resistant to 
corrosion from oxygen present in the atmosphere [14], it 
is quite susceptible to corrosion in industrial as well as 
indoor air containing sulfide and chloride moieties [14, 
15]. Sweat from human body can also accelerate the 
corrosion of metals [16]. Susceptibility of silver to 
corrosion from sulfur containing compounds is thus a 

critical issue for silver metallized fibers. Fibers with thin 
silver coatings can easily lose their functionalities 
(electrical conductivity) in presence of corrosive 
environment and in contact with skin. Thus there is a need 
to develop protective coatings for such kind of fibers. 
Furthermore these coatings can act as a layer of insulation 
which may help improve to its utility in the development 
of wearable technology.  
 
APPROACH 
In this research we have developed submicron-to-micron 
insulative and protective coatings by using water based 
UV curable urethane acrylate dispersions. A simple dip-
coating technology was employed and the effect of 
coating speed and viscosity of the coating fluid was 
evaluated in detail. The coated fibers were then evaluated 
for reflectivity, protection against hydrogen sulfide gas 
(H2S) and durability against laundry. 
 
RESULTS AND DISCUSSION 
Figure 1 shows the effect of coating speed and viscosity 
of the coating fluid on the coating thickness obtained on 
the fibers. An increase in the coating speed for a given 
coating fluid increases the coating thickness. Furthermore, 
an increase in viscosity of the coating fluid ( PU10SC …< 
PU32SC …. < CMC0……< CMC10) leads to an increase 
in the thickness of the coating. Thus by suitable variation 
of coating speed and viscosity of fluids we could obtain 
sub-micron (~ 600 nm) to micron coatings (10-15 µm).  
 

 
Figure 1: Effect of coating speed and viscosity of fluids 
on the coating thickness 
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Figure 2: Effect of H2S exposure on the reflectivity of the 
fibers. Reflectivity measurements were made at a 
wavelength of λ=555 nm which corresponds to the 
wavelength of maximum sensibility of the eye. 
 
 
The protective nature of the PU coatings was evaluated by 
subjecting the fibers to 0.5ppm of H2S at 25°C and 75% 
relative humidity in a corrosion chamber for different 
exposure times. To determine the extent of corrosion, the 
reflectivity of the fibers was then measured on a 
spectrophotometer. Figure 2 indicates that an uncoated 
metallized fiber corrodes in presence of H2S atmosphere 
whereas the PU coatings (thin and thick coatings) are able 
to provide adequate protection against corrosion.  
 
Insulation characteristics of the coatings were also 
determined through conductivity measurements. The 
initial resistance of silver fibres is about 12.25 Ω/cm. The 
resistance for coating thickness above 2 microns was 
found to greater than 1 MΩ/cm.  
 
CONCLUSION 
In this research we were able to successfully develop 
flexible submicron-to-micron coatings for silver 
metallized fibers. The thickness of such coatings can be 
controlled by varying dip coating parameters like coating 
speed and viscosity of the coating fluid. The protective 
nature of these coatings was confirmed by exposing the 
coated fibers to H2S.    
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ABSTRACT 
According to data from the World Health Organization 
(WHO), over one billion adults in the world are 
overweight and the portion of the overweight is growing 
continuously. Since excess weight and obesity increase 
health risks, weight-loss has recently attracted 
considerable attention. Hence, a design of futuristic smart 
sportswear, consisting of electric devices such as 
accelerometers, strain-gauges, Radio Frequency 
Identification (RFID), and a weight monitoring system, 
can be developed and commercialized to help people be 
on a healthy diet. The idea is simple. The numerical data 
of the body circumference measured by strain-gauges 
imbedded in this sportswear is sent to a cell-phone or 
other suitable electronic device over Bluetooth system 
every day or week. The electronic device which has an 
appropriate software program informs the garment user of 
estimated weight increase or loss with dietary suggestions 
and a target level of aerobic exercise (e.g. walking, 
running, and swimming). While the user exercises, this 
system monitors the location and movement of the user 
through a Global Positioning System (GPS) device 
inserted in the garment and sends the data to his/her 
electronic device. Thereafter, the device, such as a cell-
phone, displays the weight loss, calories burnt by exercise 
and future plans to the user. The users can receive service 
daily or weekly until they meet their target weights or 
until they give up their diet and no longer wear this smart 
sportswear. Use of such smart apparel would help people 
maintain or improve their health. Developing a new class 
of sportswear produced with Computer Aided Design 
(CAD), Computer Aided Manufacturing (CAM), and 
highly durable, water-repellent, breathable, anti-bacterial 
cotton/spandex jersey fabric could become a stepping 
stone for designing and commercializing mass-
customized smart sportswear that is consumer-friendly, 
multi-functional, and economically feasible.  
 
INTRODUCTION 
Due to increased pressures arising from technological 
advancements, new product design and development has 
become essential in many areas including the sportswear 
sector. Recently, sports activities rely on emerging 
technologies to develop textiles that have high 
performance value and varied applications. In addition, 
there is a growing emphasis on multi-functional smart 
sportswear since it enhances the wearers’ performance 
and protects their body from extreme conditions during  

 
the activities. Therefore, awareness of the importance of 
comfort should be promoted in the sportswear research 
and development area. Sportswear can be both 
comfortable and multi-functional when smart technical 
design is combined with smart textile materials, and 
promoting this new product can generate a niche market 
in the sportswear industry which has been rapidly 
growing since late 1990’s.  
Meanwhile, according to the World Health Organization 
(WHO), over one billion of the world’s population is 
found to be overweight or obese; a body mass index 
(BMI) greater than or equal to 25 is defined as overweight 
while a BMI greater than or equal to 30 indicates obesity. 
A BMI is an index of weight-for-height that is used to 
classify underweight, overweight, and obesity in adults. It 
is defined as a person's weight in kilograms divided by the 
square of his or her height in meters. 
As the number of overweight and obese people rises, 
related health issues such as hypertension, diabetes, 
metabolic syndrome, heart disease, breast cancer, etc. also 
increase. Furthermore, the overweight and the obese have 
a significant economic impact; estimated medical 
expenditure attributed to obesity was $147 billion in 
2008. Although not the only indicator of being 
overweight or obese, the measurement of waist 
circumference can reveal excessive abdominal fat that 
increases the risk of various health issues. According to 
Lakka et al, middle-aged men with this excess are 
candidates for coronary heart disease, and therefore the 
amount of abdominal fat is even more important than 
overall overweight. Hypertension and blood lipid levels, 
risk factors for coronary heart disease, are accelerated by 
increasing waist circumference. Due to the great 
awareness of these health risks regardless of age and an 
increasing interest in health and well-being, smart 
healthcare clothing, which monitor vital signs such as 
blood pressure, heart rate, electrocardiogram (ECG), 
respiration, and body temperature, has been developed 
and expanded while research in this area is facing various 
challenging issues such as “biomedical sensors, scenarios 
of data security and confidentiality, risk analysis, user 
interface, medical knowledge/decision support, 
dissemination, user acceptance and awareness, and 
business models and exploitation.” Smart healthcare 
clothing can be both comfortable and efficacious for 
disease prevention when smart technical design is 
combined with smart textile materials.  
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However, it is not easy to find sportswear developed for 
helping people who are trying to practice weight 
management and the demand for the development of such 
multi-functional smart clothing is accelerating. Since the 
measurement of waist circumference can be a useful 
indicator for weight management continuous self-
monitoring and physical activities will play an important 
role in successful health management. Also, the use of 
sensor and wireless communication technologies in multi-
functional healthcare clothing will likely accelerate. 
Therefore, this research focuses on developing smart 
multi-functional sportswear for the overweight, called 
Diet-facilitating Suit, using smart textile materials which 
monitor the change of waist circumference, body 
temperature, and the amount of exercise. 
 
METHODOLOGY 
The major objective of this research is to design multi-
functional smart sportswear that measures changes in 
body circumference and informs the users with relevant 
data. The design concept includes the garment design and 
the positioning of technical devices in the garment. A 
textile sensor, which is called ‘e-strain gauge’ in this 
research, is developed using carbon black and 
polyurethane. Cotton/spandex jersey knit fabric is used as 
major fabric. Body measurements of the dress form are 
created using a 3D body scanner, and patterns are 
generated using Computer Aided Design (CAD). Fabric is 
automatically cut using Computer Aided Manufacturing 
(CAM) and garment is assembled by sewing. After strain 
gauge is embedded in the prototype, the prototype is 
tested on a dress form. 
 
DISCUSSIONS 
A prototype of the multi-functional smart sportswear for 
the obese, shown in Figure 1, was manufactured in order 
to test the concept and the performance. Body scanning 
and CAD were used to generate customized patterns. The 
patterns were created in Gerber Accumark® Pattern 
Design System (PDS) software with consideration of 
stretch ratio of chosen jersey knit fabric. Fabric was 
automatically cut using Gerber Cutting Edge Cutter. The 
prototype garment was fitted on a dress form. After 
dressing the prototype on the form, the electrical 
resistance of the electrical strain gauge was measured. An 
air inflatable package was used to simulate change of 
body circumference. 
As shown in Figure 1, one strain gauge can be embedded 
inside the garment using narrow fabric tape that covers 
the elastic strain gauge. The tape covering the gauge was 
fixed to the fabric material using running stitches on both 
sides. Another way to embed the strain gauge is sewing 
the strain gauge inside the garment with zigzag stitches. 
The strain gauge can be positioned in the middle of zigzag 
stitches and the threads of stitches hold the strain gauge at 
the desired location of the garment. 
The change of electric resistance of the strain gauge 
obtained from a multimeter can be sent to a cell-phone or 
other electronic devices over Bluetooth daily or weekly. 

 
Figure 1. The structure of Diet-facilitating Suit (DFS). 
 
An appropriate software program installed in the 
electronic devices transforms the data to a user-friendly 
format, which makes sense to the users, such as amount of 
body circumference changed. The electronic device 
informs the user of estimated changes of body 
circumference and provides dietary suggestions along 
with a target level of aerobic exercise. In addition, an 
accelerometer attached to the garment quantitatively 
measures the amount of exercise, and Radio Frequency 
Identification (RFID) has data of the user’s health 
information such as blood type, chronic disease and 
recent health record. While the user exercises, a Global 
Positioning System (GPS) can monitor the location of the 
users for safety and security. 
 
CONCLUSION 
A combination of apparel design, material science, and 
cutting edge technologies made the prototype of multi-
functional smart sportswear available for the overweight. 
The prototype was created using a 3D body scanner and 
CAD. The electronic strain gauge was inserted into the 
waist of the prototype garment made of cotton/spandex 
jersey knit fabric treated with nanosilver and fluorosilane 
for antibacterial and self-cleaning effects. Waist 
circumference change was simulated by air injection, and 
electric resistance of the strain gauge was measured while 
changing the waist circumference. A multimeter has been 
attached to the garment in order to detect and monitor the 
magnitude, direction, and speed of exercise motion. RFID 
that can have data of the user’s health information, such 
as blood type, chronic disease and recent health record, 
has been also attached to this smart sportswear in case the 
user becomes panicked while exercising and is moved to 
an emergency unit. This study aimed to present the 
technologies required to develop multi-functional smart 
sportswear and its potential use to prove the concept by 
developing a prototype sample. The relationship between 
electric resistance of the strain gauge and waist 
circumference proved that both technical design that 
results fitting and the material selection are important to 
make mass-customized smart apparel. Such smart 
sportswear can be both comfortable and multi-functional 
when smart technical design is combined with smart 
textile materials. Promoting and commercializing this 
new product can generate a niche market in the 
sportswear industry and become a stepping stone towards 
success in the future smart apparel market place. 
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OBJECTIVE 

Through the latest work, our group has investigated a PET 
coated dye sensitized solar cell (DSSC) with 1-
dimentional (1-D) TiO2 semiconducting layer and a mono 
color Ru-dye. Based on a flexible stainless steel wire 
substrate, it has obtained an efficiency of 0.932%. 
Through this study, our objective is to demonstrate the
advantage of our new approach, related to ZnO based 3-
dimentional (3-D) semiconducting layer and multi-dye 
color, in the identical PET coated DSSC system. 

INTRODUCTION

Solar cell is one of the major alternative energy to run 
various digital devices on smart clothing. However, most 
commercialized panel or ridge type solar cell possesses 
crucial limitation to be used as a garment material, such 
as its size or weight. To satisfy the term of lightness and 
flexibility, research started to focus on DSSC base on 
flexible materials such as a fiber type Ti or stainless steel 
wires. However, most of the related studies are 1-D
semiconducting layers that do not seem to suitably meet 
the mechanical properties of the flexible substrates. These 
1-D structures can easily be cracked or even peeled off 
from the flexible wire materials by various physical 
stresses that may occur in a clothing environment. 
Accordingly, in the present work a 3-D structured ZnO 
nanorod is proposed as a semiconducting layer to meet 
the property of the bendable wire substrates for flexible 
DSSC. Moreover, for a higher utilization of the cell, a 
multi-dye system was suggested. Theoretically, it is 
possible to extend the total light absorption range of the 
cell by using multi dye colors with their respective 
absorption properties. Thus, in this study, two dye colors 
were adopted into a single system in order to maximize 
the cell’s total light absorbance area. ZnO nanorod based 
stainless steel wires were first immersed into two different 
dyes and were arranged in order. Then wires were 
fabricated into a single cell with a satin weave structure.
Finally, it was coated with bi-layer PET film into a
sandwich structure, to gain higher durability. 

EXPERIMENT

Fabrication of photo electrode

A commercial stain less steel wire of 0.1mm diameter 
was used as a substrate for photo and counter electrode. 
For photo electrode, a ZnO nanorod arrays were prepared 
onto the base template. After being rinsed with deionized 
water, wires were sintered at 450 ◦C for 30 min in order to 
remove the remaining salts and polymers. The prepared 
electrodes were immersed into two colors of organic dyes, 
respectively. Then, a quasi-solid type polymer electrolyte 
solution was prepared by dissolving fumed silica 

nanoparticles (SiO2), PEGDME, MPII, and I2 in 
acetonitrile and was carefully casted on the photo 
electrode.  

Figure 1. Schematic of ZnO based photo electrode

Fabrication of counter electrode

After ultra sonication with deionized water for 10 min, 
stainless wires were Pt spin coated on the stainless steel 
wire for 30s in room air for a higher conductivity, and 
were sintered at 450 ◦C for 30 min. 

Figure 2. Fabrication of counter electrode

Fabrication of DSSC

Stainless steel wires with two different colors as photo-
electrodes and Pt coated stainless steel wires as counter 
electrodes were fabricated into a satin structure. After 
fabrication, the ZnO based DSSC was coated with two 
layers of PET film in a sandwich structure, to maximize
its durability.

Figure 3. Schematic of PET coated DSSC

Measurement of Performance

Short-circuit current density (Jsc, mA), open-circuit 
voltage (Voc, V) were measured by a solar simulator with 
an irradiance of 100mW/cm2 at AM 1.5 by a 50-500 W 
Xe Lamp (Thermo Oriel, 91193, USA). Origin 7.0 
program was used for I-V curve graph. Surface of ZnO 

Electrolyte

Dye

SS wire(0.1mm)

ZnO nanorod



nanorod arrays grown onto stainless steel wires were 
examined by Scanning Electron Microscope (SUPRA 
55VP, NICEM, Carl Zeiss) images. To measure the 
amount of dye adsorption, dye absorbed photo electrodes 
were dipped into NaOH solution for desorption and was 
measured by UV-visible spectrophometer (Hewlett-
Packard, Hayward, CA) at wavelengths through ranges 
from 300nm to 800nm. 
 
RESULTS AND DISCUSSION 
 

 
 

Figure  4. ZnO on Stainless steel wire 

   
 

Figure 5. SEM images of ZnO on Stainless steel wire 

 

Figure 6.  I-V curve graph of  PET coated DSSC based on 1-D 
TiO2 and mono dye color system 

Figure 4. shows images of 10μm ZnO nanorodes, 
successfully grown onto the flexible base substrates. The 
3-D structure on the wire still maintains its form though 
the wires are bent. SEM images of Figure 5. shows 
images of evenly grown ZnO nanorodes on stainless steel 
wires without any damage of the surface. Figure 6. 
demonstrates an I-V curve graph of our latest work, of a 
PET coated DSSC with 1-D TiO2 layer and mono color 
Ru-based dye. Through ZnO based 3-D semiconducting 
layer and multi- dye color system, we expect a higher 
performance compared to this figure.  

CONCLUSIONS 
In summary, a flexible DSSC with a 3-D semiconducting 
layer of ZnO nanorod was investigated for smart clothing. 
For a larger light absorbance area of the cell, two types of 
metal free-organic dyes were chosen as a sensitizer. To 
enhance the properties as a garment material, in terms of 
adoptability and durability, the fiber type DSSC was 
fabricated into a satin weave structure and was finally, 
coated with a PET film. Through our new approach, we 
expect a compatible result that fully explains the 
advantages compared to our latest work. 
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OBJECTIVE 
Plasma processes gain increasing interest as a dry and 
eco-friendly technology for textile applications. Being 
crucial in many fields such as microelectronics, 
architectural glass, machine parts and tools, though, 
plasma technology still occupies only a niche within the 
textile field. Reasons are the somehow sophisticated 
technology regarding complex textile (fabric) structures, 
reservations by traditional textile companies and 
uncertainties in the question of the best available 
technology and costs. 
Even more, the direct plasma treatment of fibers (instead 
of fabrics) raises the question of its competitive capacity 
considering processing and costs. Therefore, we evaluate 
different possibilities of plasma coating of fibers offering 
chances for innovative textile companies. 
 
INTRODUCTION 
Sustainable growth of the textile industry in developed 
countries requires a shift toward highly functional and 
added-value textiles. The demand for tailored surface 
modifications for water repellence, long-term 
hydrophilicity, enhanced adhesion, antibacterial 
properties, etc., is therefore increasing. At the same time, 
the environmental restrictions concerning waste water 
produced by conventional textile finishing techniques are 
becoming more and more severe, generating higher 
running costs. In this context, plasma processing might 
become an attractive alternative method to add new 
functionalities to textiles [1,2]. Plasma processing is a 
clean (dry) and sustainable technology that generates 
minimal amounts of waste. It is also characterized by 
much lower materials and energy consumption in 
comparison to wet chemical-based finishing methods, 
potentially resulting in reduced running costs. 
Furthermore, plasma processing is very versatile, since it 
can be used to impart a broad range of different 
properties, some of which are unattainable with 
conventional methods [3]. It can also be applied to both 
individual yarns and fabrics [4]. Finally, because plasma 
processing results in a nanoscaled surface modification, it 
has the advantage of preserving the bulk properties as 
well as the touch of textiles. 
In order to enable easier material’s handling, atmospheric 
pressure plasmas achieved increasing interest over the last 
decade. However, we could demonstrate that atmospheric 
pressure plasma processes are more expensive for large 
area coatings due to the high gas consumption (unless air-
based processes are used) [5]. Therefore, the best 
available technology might still be the highly developed 

vacuum-based plasma processes, also considering process 
reliability and opportunities. 
Regarding the treatment of fibers, handling becomes 
simplified by air-to-air processing (winding in air, 
processing at low pressure). In this respect, we are 
investigating sputtering processes for the metallization of 
yarn as well as plasma polymerization processes for the 
functionalization of fibers. 
 
APPROACH  
Pilot-scale plasma reactors for the continuous processing 
of web and fibers were used for the development of 
plasma coatings on fibers (Figure 1). 
 

       
 
Figure 1: a) web coater and b) fiber coater at Empa. 
 
The web coater (2 m in height) consists of four separate 
chambers, the top one used to place the substrate 
materials for reel-to-reel processing. The other three 
chambers can be used for subsequent treatments within a 
one-step process, e.g., plasma pre-treatment and 
deposition. Different electrodes with 13.56 MHz radio-
frequency (RF) excitation can be used for symmetric or 
asymmetric conditions, while a DC magnetron source 
enables sputtering for, e.g., metallization. This reactor 
was used to examine plasma treatments while the 
substrates were at bias potential, i.e. enhanced ion 
bombardment. 
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The fiber coater also consists of several separated 
chambers in order to enable different pressure stages (for 
air-to-air treatment), plasma pre-treatment and plasma 
coating by magnetron sputtering or plasma 
polymerization. For process velocities in the order of 100 
m min-1, the fibers are guided several times through the 
plasma zone while the fibers are at floating potential. 
Two different treatments are discussed: Metallization of 
fibers with silver (Ag) using magnetron sputtering and 
amino-functional plasma polymer deposition (a-C:H:N) 
using RF discharges.  
 
RESULTS AND DISCUSSION  
For continuous fiber treatments floating conditions, i.e. 
the substrates are guided through the luminous plasma 
zone instead of being processed in front of an electrode or 
substrate holder, were found to be advantageous with 
respect to process stability, reduced filament ruptures and 
maintenance cycles. Floating conditions, however, limit 
the interaction of energetic particles during film growth. 
The adhesion and densification of plasma-deposited films 
is determined by the energy density ε dissipated during 
film growth given by 
 

  
R

EmeaniΓ
=ε   

 
with the ion flux Γ i incident on the substrate, their mean 
ion energy Emean and the deposition rate R [6]. Γ i depends 
on the plasma density and the number of collisions in the 
plasma zone, while Emean is fixed to roughly 5 times the 
electron temperature (a few eV). In order to increase ε, 
the plasma density should be increased at reduced 
pressures, whereas an increase in deposition rate results in 
a reduced energy per deposited atom.    
 

   
 
Figure 2: Washing fastness of an optimized Ag film on PET 
150f48 yarn showing a resistivity of 10 Ω cm-1 compared to a 
fiber coated at a reduced energy density yielding lower film 
quality in terms of adhesion and electrical conductivity. 
 
Hence, sputtering requires low pressures in the range of 1 
Pa, while the maximum in deposition rate is limited (both 
by the sputtering yield and the energetic conditions during 
film growth). Since the energy density determines the 

surface diffusion, low values yield needle-like growth of 
sputter-deposited metal films showing low film quality 
and adhesion. Optimized conditions with moderate 
energetic conditions (above 4 eV per deposited Ag atom), 
on the other hand, enable well adherent Ag coatings on 
fibers showing excellent electrical, optical and 
antibacterial properties (Figure 2) [4,7]. 
For the deposition of permanent functional plasma 
polymers such as e.g. amino-functional a-C:H:N coatings, 
an energy density around 10 eV per deposited C atom was 
found to be optimum [6]. 20 nm thick plasma polymers 
are able to markedly improve the adhesion of e.g. aramid 
yarn within a fiber-reinforced composite material (pull-
out force around 32 N compared to 13 N untreated). 
 
CONCLUSIONS  
The properties of plasma coatings on fibers is strongly 
affected by the energetic conditions during film growth. 
Optimization of process parameters enable well-adherent, 
high quality coatings such as silver for conductive yarn or 
a-C:H:N for amino-functional surfaces, which are of high 
interest for all kind of unreactive (crystalline) synthetic 
fibers. 
Suitable fiber processing allows process velocities of the 
order of 100 m min-1, thus enabling economically feasible 
conditions. 
 
FUTURE WORKS  
Although the developed plasma technology for direct 
fiber treatment already reached a high level enabling 
applications, future works aims in further improving the 
processing of fibers, i.e. the guidance of the fibers through 
the plasma zone, in order to increase the velocity and the 
output. In addition, different types of plasma coatings will 
be investigated in future. 
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INTRODUCTION 
Body-monitoring through an iHealth system would 
decrease the medical costs enormously. By implementing 
the body-sensors in a wearable textile, important body 
parameters as e.g. the electrical activity of the heart, the 
SpO2 or the blood perfusion can be monitored.   
The integration of sensors in textiles can be done either by 
miniaturizing electrical components or by producing 
“smart” fibers. Our research activities are based in the 
second approach using polymeric optical fibers. 
Polymeric optical fibers fabrics have been produced for a 
wide range of medical implementations in illumination 
for photodynamic therapy and sensing. Articles of 
polymeric optical fibers (POFs) for a wide range of 
applications, especially for networks in buildings, 
automobiles, railways, aviation or in industrial plants are 
numerous, while publications where POFs are used for 
medical purposes are rather rare.[1] Herein, the focus will 
be on textiles with integrated POFs and their medical 
applications. Our activities in the field of medical sensing 
using POFs are wound-monitoring, pulse-oximetry as 
well as gas sensing. Special attention will be given to the 
features of differences in textile structures resulting in 
flexible and lightweight structures. Recent applications in 
the field of optical textiles given in this report 
demonstrate practicability and usefulness for flexible two-
dimensional illumination and sensing areas.  
 
APPROACH 
There are several drawbacks when integrating commercial 
available POFs into textiles. Compared to normal textile 
fibers, POFs are very expensive and especially for the 
integration in large low-cost structures, they are often too 
expensive. Additionally, the lack of flexibility makes 
them difficult to process into fabrics. The reason for this 
brittleness is the polymer PMMA used for the core 
material of these fibers. PMMA is not only brittle but also 
difficult to process with the conventional melt-spinning 
process, where kilometers of fibers per minute can be 
produced. For all these reasons, we decided to firstly  

 
focus our research interest not only in the processing of 
the fibers with other transparent polymers, but also in the 
synthesis of novel polymeric materials. 
Luminous Textiles can find different applications in the 
medical field (Figure 1). 
  

 
 
Figure 1. Luminous Textiles designed for photodynamic 
therapy. 
 
Photodynamic therapy is an FDA-approved modality for 
the treatment of early-stage disease and palliation of late-
stage disease.[2] Especially for the treatment of cancer, 
photodynamic therapy has several advantages over 
traditional therapies.[3] The disadvantage of many light 
diffusers is their limited ability to adjust to complex 
surfaces. They are relatively inflexible or even rigid, and 
the applied light dose is difficult to predict and control 
during treatment due to insufficient distance control to the 
skin and unintentional movements. Luminous textiles 
with superior flexibility would overcome these problems. 
Especially for complex superficial, intraluminal, and 
interstitial PDT applications, luminous textiles are a 
suitable alternative as we could demonstrate.[4] 



 
Another application POFs in the medical field is the 
monitoring of the wound-healing process. Therefore, 
POFs are treated with a chemical sensing layer which 
gives an optical signal when in contact to the analyte 
(Figure 2). We have demonstrated that the integration of 
such a fiber in a textile can monitor changes of the analyte 
of the surrounding fluid. These minimally invasive 
biosensors open up new perspectives for diagnostics and 
disease monitoring. Wearable sensors are placed in close 
contact to the body, performing analyses in accessible 
biological fluids, such as e.g. sweat or wound exudates. 
Integration of the biosensor in a textile provides optimal 
comfort for the patient. Fibre-optic sensors are attractive, 
as they can be weaved as a standard yarn. These sensing 
textiles can also be used for sensing specific gas 
molecules.  
 

 
 
Figure 2. Schematic presentation of an optical fiber 
changing the light intensity in the presence of specific 
molecules. 
 
POFs can not only decouple light, they can also laterally 
collect light. This principle of couple in/couple out light is 
utilized in the design of a textile pulse oximeter.[5] We 
have demonstrated the design and performance of a textile 
based pulse oximeter, operating on the forefinger tip in 
transmission mode.   
 
CONCLUSIONS 
The usefulness of the two-dimensional, flexible luminous 
textiles is demonstrated with medical applications for 
sensing and irradiation. The problem of the integration of 
commercial POFs could be bypassed by the development 
of flexible polymeric optical fibers made out of novel 
transparent polymers using a melt-spinning plant.  
 
REFERENCES 
[1] 1. B. Selm, E. Aslan Gürel, M. Rothmaier, R. M. 
Rossi, L. J. Scherer, J. Int. Mat. Sys. Struct., 2010, 21, 
1061–1071.  
[2] C. M. Brackett, S. O. Gollnick, Photochem. 
Photobiolog. Sci. 2011, 5, 649–652. 
 

 
[3] M. Ethirajan, Y. Chen, P. Joshi, R. K. Pandey, Chem. 
Soc. Rev. 2011, 1, 340–362. 
[4] B. Selm, M. Rothmaier, M. Camenzind, T. Khan, H. 
Walt, J. Biomed. Opt. 2007, 12, 034024. 
[5]M. Rothmaier, B. Selm, S. Spichtig, D. Haensse, M. 
Wolf, Opt. Express. 2008, 16, 12973–12986. 
 
 



New Method of Evaluation of Permethrin-treated Fabrics  
Laurence Schacher, Dominique C.Adolphe  

Laboratoire de Physique et Mécanique Textiles EAC 7189 CNRS – UHA Mulhouse, France 
laurence.schacher@uha.fr 

 

ABSTRACT  
Providing personal protection against disease-
carrying insect vectors in regions of the world 
where malaria is prevalent is one important 
challenge. For that purpose, the fabric is classically 
impregnated with permethrin a synthetic pyrethroid 
insecticide widely been used for decades. In such 
application, it is important to ensure that protection 
will remain effective after repeated washing before 
re-impregnation is necessary.  
Measurement of permethrin in garments is usually 
accomplished using a validated method consisting 
of analysis of samples taken from different places 
of the garment thanks to extraction methods. The 
measured permethrin concentrations are expressed 
as concentrations of active ingredient/m3. However, 
activity of insecticide has to be considered only on 
the outer layer of the garment. Moreover, presence 
of permethrin on the inner part of the garment is not 
desirable as it can induce contact toxicity. 
In this study, it is proposed to develop an 
alternative method for evaluation of permethrin 
treated fabrics. The results will give data 
representing the concentration of active insecticide 
layer of the treated fabric. 
 
INTRODUCTION  
Permethrin is a common synthetic chemical, widely 
used as an insecticide. It belongs to the family of 
pyrethroids and functions as a neurotoxin. 
Efficiency of permethrin-impregnated garment such 
as military battle dress uniform is of utmost 
importance to provide soldiers protection from 
arthropod vectors that can carry diseases such as 
Malaria. 
Efficiency of treated fabrics is usually measured 
after the first impregnation and after several 
washings. As an example, fabrics for French 
military battle dress uniforms consist of 67% cotton 
and 33% polyester fibers, broken twill pattern, with 
a specific weight of 205-210 g/m2. Impregnation of 
insecticide is performed on fabrics after the dyeing 
process, before tailoring (Pad Roll). Impregnation 
(cis:trans=25:75%) is aimed to reach permethrin 
concentration of 1.3g/m2 according to specification. 
The duration of activity would normally be 

expected to remain effective after several washings. 
Methods usually used for measurement of 
insecticide activities are well known and discussed 
in the literature. [1][2]][3][4]. They consist on 
dipping methods of fabric samples in solvent. The 
insecticide extraction is performed in an ultrasonic 
bath and/or in a hot bath.  The samples are treated 
in an ultrasonic bath. Analyses of the dried solvent 
extracts are performed by capillary gas 
chromatography/mass spectrometry.  
Test arthropods can also be used to test fabrics and 
measure the time of exposure necessary to obtain 
knockdown, i.e. inability to move or migrate. 
Interpretation of the data obtained thanks to the 
extraction method present a major problem as it 
represents the insecticide concentration of the fabric 
sample where volume is used instead of weight and 
concentration is expressed in weight per unit 
volume whereas the active substance is to be 
considered only on the external face of the fabric. 
The fabric layer presents a thickness which cannot 
be neglected and moreover, presence of permethrin 
on the layer of the fabric which is in contact with 
the skin of the wearer can be challenging. 
Skin/fabric contacts which are caused primarily by 
mechanical actions can be influenced by such 
properties as fibre type, yarn properties, fabric 
construction, and finishing. Permethrin 
concentration should be measured thanks to a 
procedure able to extract only the active substance 
of the surface layer of a treated garment and 
expressed in g/m2. 
 
MATERIAL AND METHODS  
To measure surface concentrations of active 
substances, a new method has been developed. It is 
based on mechanical abrasion of treated fabric for 
extraction of active ingredients on fabric surface 
using Martindale abrasion testing apparatus. This 
device was developed primarily to assess abrasion 
resistance of woven worsted wool fabrics. It was 
designed to give a controlled amount of 
multidirectional abrasion, between the fabric 
surface and a crossbred wool abradant fabric, at 
comparatively low pressures. In our case, pressure 
applied is 12kPa and untreated fabric is chosen 



instead of abradant fabric. It acts as ‘receiver’ to 
transfer active substances. Extraction process of 
untreated fabric and analysis of extracts are 
performed after abrasion cycles. Results of a 
minimum of three specimens are evaluated. Tests 
are performed in the standard atmosphere for 
testing (20°C, 65%RH). Surface concentrations of 
active substance versus numbers of Martindale 
cycles are plotted to determine maximum range of 
extraction.
To study the effect of weave structure, four fabrics 
have been selected. The samples have been woven 
with classical weft effect patterns on a Jacquard 
loom. They include plain, twill, satin, and broken 
twill. The yarns are 100% cotton, (7x2) Tex for the 
warp and 71 Tex for the weft. Torsion was 117 T/m
(Z-direction). Details of these the samples are given
in Table I.  
Table I: Tested fabrics

Fabric 1
Broken 
Twill

Fabric 2 
Satin

Fabric 3
Plain

Fabric 4 
Twill

212g/m2 177g/m2 186g/m2 205g/m2

RESULTS AND DISCUSSION

Results are presented as Permethrin surface 
concentration vs. Martindale cycles (figure 1). 
Comparing all four fabrics for different number of 
Martindale cycles, it is observed that values rapidly 
increase and then tend to stabilization. Differences 
can be explained by difference in contact surface 
between tested and untreated fabric due to pattern 
difference. A more important result is that 
significant differences appear between theoretical 
and measured Permethrin surface concentration
(Table 2). 
  
Table 2: Theoretical vs. measured results

Fabric Permethrin Concentration

1 Mass

calculated
(%)

Surface

theoretical
(mg/m3)

Surface

measured
(mg/m2)

1 2.92 6193 74

2 3.37 5957 48

3 3.46 6459 90

4 2.97 6073 55

 
Figure 1: Extracted surface concentration 

CONCLUSION AND PERSPECTIVE 
Methods usually used for measurement of 
insecticide activities do not determine surface 
concentration which is the key point. In this study, 
is a new approach for determination of active 
substances in surface has been proposed. It is based 
on Mardindale tester which is a simple test method 
currently used in industry. It consists of mechanical 
abrasion of treated garment fabric with subsequent 
classical analysis. Tests on different cotton fabrics 
presenting different pattern has shown that. for all
fabrics, increase of active substance concentration 
depicts subsurface active ingredients.
The innovative method will lead to determine real 
surface concentration and optimizing insecticide 
treatments or re-impregnation of garment and 
should also lead to modification of existing 
standards. 
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ABSTRACT  
The aim of this work is to measure the sub-bandage 
pressure exerted by a compression bandage under 
dynamic state of the mannequin limb, using a 
prototype allowing continuous monitoring of the sub-
bandage pressure. This work also aims to analyze 
different dynamic parameters, such as speed and 
angular displacement of reciprocating movement of 
the limb, affecting sub-bandage pressure. The results 
show a faster rate of decrease of sub-bandage 
pressure under dynamic mode of the limb as 
compared to static mode. It is observed that the above 
dynamic parameters significantly affect the sub-
bandage pressure exerted by the bandage. 
 
Keywords:Compression therapy;oedema;wound care 
 
INTRODUCTION 
Compression therapy has been used in the treatment 
of oedema and other lymphatic disorders of the limb 
[1]. The use of compression bandages is particularly 
suitable for compression therapy of venous leg ulcers 
and to significantly reduce oedema. The sub-bandage 
pressure produced by any compression bandaging 
system is likely to vary with time and also depends 
on the physical activity taken by the patient [2,3]. In 
this novel study, the pressure profile developed by a 
compression bandage was obtained during dynamic 
state of the mannequin. The sub-bandage pressure  
under dynamic state of mannequin was compared 
with the static state. The effects of various dynamic 
factors on the sub-bandage pressure were also 
analyzed. 
 
APPROACH 
The principle employed relates the air pressure 
changes in the bladder on application of an external 
pressure to the sub-bandage pressure. An air bladder 
was made and wrapped around the wooden 
mannequin limb as shown in FIGURE 1. This 
bladder was wrapped over the mannequin and 
inflated with air using a hand pump to a particular 
initial pressure (Pi) through an inlet air tube which 
was connected to the bladder on one end. The 
bandage was then wrapped over the bladder. This 
wrapping exerted some additional pressure (P) on the 
bladder, which was duly observed by the change in 
the air pressure in the bladder and the total pressure 
(PT) was obtained.  Then, by deducting the initial  

 
bladder pressure (Pi) from the final total pressure 
reading (PT), the sub-bandage pressure exerted by the 
bandage was obtained. The reciprocating movement 
of limb was given using crank movement which was 
controlled by motor assembly. The nature of human 
limb movements (i.e. bending, running, etc.) were 
simulated by changing the speed and amplitude of the 
reciprocating movement of the mannequin by 
changing crank motion as shown in FIGURE 1. 

 
FIGURE 1. Schematic of the prototype for measuring 
sub-bandage pressure in dynamic mode 
 
EXPERIMENTAL 
Two different compression bandage having different 
physical properties were used in this study and the 
details of these bandages are given in TABLE I.  
 
TABLE I. Bandage details 
  Bandage         

A 
Bandage     

B 
Classification Short-stretch Long-stretch 
Mass per unit area, g/m2 283.1 370.5 
Thickness, mm 1.11 1.26 
Peak breaking load, kg 15.67 24.45 
Breaking extension, mm 67.75 118.48 
 
The study was done by wrapping the bandage over 
the knee and ankle positions of the mannequin limb. 
Two levels for speed (low and high) and three levels 
for the amplitude (low, medium and high) of the 
reciprocating movement were chosen to measure and 
analyze the variation of sub-bandage pressure for 2 
hours period.  
 
RESULT AND DISCUSSIONS 
FIGURE 2 shows the pressure profile for the 
different bandages. It can be observed that the



sub-bandage pressure decreases with time for both 
the bandage samples.  

 
FIGURE 2. Pressure profile during dynamic state of 
mannequin limb 
 
The amount and rate of pressure drop for 2 hours are 
higher for the long-stretch bandage as compared to 
short-stretch bandage because of higher stress 
relaxation in long-stretch bandage. 

 
FIGURE 3. Sub-bandage pressure drop during static 
and dynamic mode 
 
It can be observed from FIGURE 3 that the sub-
bandage pressure drop after 2 hours is higher under 
dynamic state of the mannequin. This is because of 
higher slippage and faster relaxation of stress in the 
bandages under dynamic state of limb than static 
state. 

 
FIGURE 4. Effect of amplitude of the reciprocating 
movement of the mannequin limb 
 

It is evident from the FIGURE 4 that the sub-bandage 
pressure drop increases with increasing amplitude of 
the reciprocating movement. The sub-bandage 
pressure drop also increases with increasing speed of 
the movement, as shown in FIGURE 5. 

 
FIGURE 5 Effect of speed of the movement  
 
This is because of more fibers rearrangement in the 
bandage at higher speed and amplitude of the 
movement, which causes faster relaxation of stress.  
 
CONCLUSION 
The rate of the decrease of sub-bandage pressure 
under dynamic condition of the limb is faster as 
compared with static condition. There is also a 
significant increase in the rate of sub-bandage 
pressure drop with increasing speed and angular 
displacement of reciprocating movement of the limb. 
These finding thus help in evaluating the bandage 
performance for active patients during treatment.  
 
FUTURE WORK 
The behavior of different compression bandages, 
such as knitted and woven, as well as those made up 
of combinations of various fibers, such as PET, 
spandex and cotton, that are used for compression 
therapy, needs to be studied in dynamic mode.  
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STATEMENT OF PURPOSE 
Ratanjot, Arnebia nobilis Rech.f., is an  important 
herbal drug of indigenous systems of medicine. The 
dye extracted from the rootstocks of this natural plant 
is known for its colour and therapeutic efficacy. It is 
used as a colourant in various food preparations, 
cosmetics and pharmaceutical formulations. 
Therefore, it seemed quite interesting to explore the 
efficacy of this natural dye on textiles.  

INTRODUCTION 
‘Ratanjot’ (Arnebia nobilis Rech.f.), is a natural herb 
of Boraginaceae family. It is imported from 
Afghanistan and can be procured easily in the form of 
crude root-stocks and leafy bark in Delhi markets [1]. 
A. nobilis is reported to contain a number of 
naphthoquinone derivatives, which form the main 
active constituent of this plant and are responsible for 
its violet-red colour. In India, the roots have 
traditionally been used to give appealing red colour 
to pickles, curries and cosmetics. The roots also 
constitute an important part of indigenous system of 
medicine and are claimed to be useful in treating eye 
infection, bronchitis, abdominal pain and itch [2]. 
Biological investigations over the last decade have 
shown that these naphthoquinone derivatives also 
have a well established and wide spectrum of wound 
healing, antimicrobial, anti-inflammatory, 
antioxidant, anticancer and anti-thrombotic activity 
[3]. There have been some investigations on dyeing 
with the dye extracted from ‘Ratanjot’ (Onosma 
echioides) [4, 5]. The paper reports the behaviour of 
the dye at different pH and temperature conditions 
and its affinity for various textile substrates viz. 
cotton, wool, silk, acrylic, nylon and polyester has 
been studied. Antimicrobial properties of the dye and 
dyed textiles were also evaluated.   
 
APPROACH 
Extraction of the dye  
The crude dye was extracted from A. nobilis by 
soxhelation process using n-hexane. The solvent was 
evaporated and a deep red viscous residue was 
obtained. 
 
 

Effect of pH and temperature on stability of dye 
Dye was treated at different pH (4.5, 7 and 10) and 
temperatures (70˚C to 130˚C) and percentage 
decrease in absorbance was determined. 
 
Application on different substrates 
Prescoured substrates were dyed at pH 4.5 with 0.5 % 
shade owf for 60 minutes at M.L.R 1: 30. Polyester 
was dyed at 100°C and 130°C. Cotton, nylon, wool, 
silk and acrylic were dyed at 80°C. The dyed samples 
were then cold rinsed and soaped. 
 
Antimicrobial assessment of the dye 
Solution of the crude dye extract was qualitatively 
assessed against Staphylococcus aureus and 
Escherichia coli for its antimicrobial activity using 
standard method AATCC 30- 2004 and quantitatively 
assessed using AATCC 100- 2004 method.  
 
Quantitative antimicrobial assessment of the dyed 
fabrics 
Fabrics dyed with 5 % owf dye were evaluated 
using the modified agar plate method.  
 
RESULTS AND DISCUSSION 
Effect of pH and temperature on dye stability  
The visible spectra of the dye at pH 4.5, 7 and 10 
showed that there was a shift in the wavelength of 
maximum absorption along with an increase in 
absorbance value in alkaline pH. This may be due to 
the ionization of phenolic hydroxyl group to 
phenolate ion [6].  
 
When the dye solutions at different pH (4.5, 7 and 
10) were subjected to various temperatures from 
70˚C to 130˚C, it was found that the dye was most 
stable at pH 4.5 at 70˚C and 80˚C. On the other 
hand, an appreciable decrease in absorbance was 
observed for dye solutions at pH 7 and 10 at 
temperature ≥ 80˚C.  

The results showed that the dye becomes unstable at 
increased pH and higher temperature. Therefore, pH 
4.5 and 80˚C temperature was optimized for 
carrying out the dyeing of cotton, wool, silk, nylon 
and acrylic.  



Application on different textile substrates 
Affinity of the dye towards different textile 
substrates was studied at pH 4.5. Very low dye 
uptake was obtained on cotton fabric (K/S = 0.93). 
This may be because the dye is non-polar in nature; 
therefore, it had low substantivity for cotton fabric 
resulting in low colour value. Deeper shade was 
obtained on wool (K/S = 4.4) as compared to that on 
nylon (K/S = 2.1) and silk (K/S = 1.42). This may 
be due to the higher amorphous regions of wool 
fabric as compared to the crystalline silk and nylon 
fabric.  Acrylic also showed good dye uptake (K/S = 
5.5). Polyester was found to have lower dye uptake 
when dyed at 130°C (K/S = 2.1) as compared to that 
dyed at 100°C (K/S = 2.7). This may be due to the 
degradation of the dye at 130°C. It was interesting 
to observe that the nylon sample showed a blue 
colour, whereas polyester fabric was dyed in pink 
colour. It was observed that other textile substrates 
acquired a purplish hue. Experiments conducted 
showed that the quinonoid form of the dye gets 
reduced to benzenoid form in nylon, wool, silk, 
acrylic and cotton and thus the colour of the fabric 
appears blue and purple. 
 
Colour fastness properties  
The dye showed poor light fastness with rating of 1-
2.  Excellent wash fastness, rub fastness and 
perspiration fastness was observed.  

Antimicrobial assessment of the dye 
The preliminary screening showed that the dye was 
effective against both the microbes.  

Quantitative assessment showed 100 % bacterial 
reduction was observed at 5 ppm dye concentration 
against S. aureus and at 10 ppm against E. coli. 
Hence, 5 ppm and 10 ppm was taken as MIC of the 
A. nobilis dye against S. aureus and E. coli 
respectively. The excellent antimicrobial activity of 
this dye can be attributed to the quinone structure. 
Quinones get activated inside the bacterial cells and 
become covalently attached to the bacterial proteins 
and basic parts of DNA, leading to the inactivation of 
bacteria [7]. 

Quantitative antimicrobial assessment of the dyed 
fabrics 
It was observed that wool, silk and acrylic showed 
100 % activity against both the microbes. Slightly 
reduced activity was observed for polyester against 
E. coli. Nylon and cotton fabrics showed no activity 
against both the microbes. The reason for this 
difference in activity is under further investigation. 

 

CONCLUSIONS 
Natural dye extracted from Ratanjot (A. nobilis 
Rech.f. was found to be sensitive to pH and 
temperature. Polyester was dyed pink, nylon was 
dyed blue and all other substrates were dyed purple 
under similar dyeing conditions. This is because the 
dye gets reduced in all the substrates except in 
polyester.  The dye showed excellent antimicrobial 
activity against both S. aureus and E. coli. Wool, silk 
and acrylic showed 100 % bacterial reduction against 
both the microbes. Polyester showed 100% activity 
against S. aureus and ~ 80% activity against E. coli. 
No activity was observed in case of cotton and nylon 
against both the microbes. Thus, Arnebia dye is a 
good source of colour and can be used to produce 
antimicrobial/ bioactive textiles. 
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FUTURE WORK 
The application of this dye on medical products can 
be explored further. 
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INTRODUCTION

Cardiovascular disease, and among them myocardial 
infarction (MI), account for the major cause auf death in 
industrialised countries. To date, no curative treatment 
after a MI is known, pharmaceutical and surgical 
therapies only delay progression towards heart failure and 
so heart transplantation remains the ultimate consequence 
to prevent death. During the last decade however, cell 
therapy and cardiac tissue engineering challenged the 
dogma of not regenerating myocardium. Experimental 
approaches indicated that epicardially implanted cell-
seeded polymer biografts have a beneficial effect on heart 
regeneration [1, 2]. However, successful treatment 
strongly depends on the design of an appropriate 
substrate, providing architectural, chemical and 
mechanical cues for cell adhesion and in vivo
biocompatibility. In this regard, an electrospun, plasma-
coated substrate has been developed and evaluated in a rat
model of MI (Fig. 1).

Figure 1. Principle of tissue engineering and study design. Isolated cells 
were cultured on a polymer matrix and then implanted in a rodent model 
of myocardial infarction.

APPROACH

Parallel oriented, nano- (237±9 nm) or micron-scaled 
(2.2±1µm) poly(ɛ-caprolactone)  fibres were processed by 
electrospinning.  A nanometer thick oxygen functional 
hydrocarbon coating was deposited at the surface of the 
nonwovens by an RF plasma process (gas mixture: 
CO2:C2H4) and characterised by SEM and XPS [3].
Mechanical properties were assessed by stress-strain 
measurements. Mesenchymal stem cells (MSC) were 
isolated from the bone marrow of male Lewis rats and 2 
Mio cells were cultured for 7-10 days on the fibrous 
patches (10*15mm). Cell viability was assessed 
throughout culture period and guaranteed prior to 
implantation. In Lewis rats, a myocardial infarction was 
induced by ligation of the left descending artery. 2 weeks 

post-surgery, rats with echo confirmed reduced heart 
function (Ejection fraction of 49 ± 9%) were randomised 
into 4 groups:  MSC-seeded patches glued onto the 
infarcted area with Tisseel fibrin glue (n=11), cell-free
patches (n=11), glue only (n=15) and sham operation 
(n=14). Echo and pressure-volume loops were recorded 
after 28 days. Histological analyses for infarct size 
determination, stem cell recruitment and macrophage 
invasion were accomplished.  

RESULTS AND DISCUSSION
Homogenously distributed, parallel oriented fibres were 
successfully produced by electrospinning (Fig. 2a). XPS 
spectrum of chemical C1s environment proves the 
deposition of an oxygen functional hydrocarbon layer 
(Fig. 2b). For fibres with micron-scaled diameter, elastic 
moduli, ultimate strength and elongation at break were 
14.3±4 MPa, 2.5±0.03 MPa and 193±19% respectively.
Nano-scaled, oriented fibres, displayed elastic moduli, 
ultimate strength and elongation at break of 23.5±3.2
MPa, 17.5±5.3MPa and 74.5±2.5% respectively. 
Interestingly, mechanical properties changed significantly 
after plasma treatment for nano-scaled fibre patches, 
whereas no change was measured for micron-scaled 
fibres. Elastic modulus decreased to 6.9±1 MPa, ultimate 
strength to 1.5±0.5 MPa and elongation at break of 
26.7±2.6 %. Hypothetically, these changes in mechanical 
properties arised due to V-UV, produced during the 
plasma process [4, 5], inducing chain-scission or 
crosslinking processes in the polymer. Following, micron-
scaled fibres were used for biological evaluation due to 
their improved mechanical properties for cardiac repair as 
well as their reproducible fabrication and homogenous 
diameter distribution. 

Isolated MSC adhered and spread on the fibres and 
formed a homogenous monolayer after 7 days in culture. 
Implantation of the biograft was proven to be safe, 
mortality rate was kept low (6%) throughout the 
experiment. No chronic inflammation occurred, 
macrophage invasion to the patch was low and 
comparable to sham operated rats. The purely synthetic, 
yet biodegradable fibres were shown to allow for MSC 
cell culture and in vivo implantation. Further, the 
introduction of oxygen functional groups to the surface 
provides an adequate biointerface for cell adhesion. As 
previously reported [6], the altered surface is superior for 
cell culture and has now been demonstrated to be 
biocompatible in this study.   



Echocardiographic analysis of heart function revealed a 
stabilisation in ejection fraction for biograft treated 
animals (49±11% vs. 48±8% respectively pre- and post-
treatment, p=0.9). Sham operated rats however underwent 
a decrease in heart function, represented by a lower 
ejection fraction (50±9% vs. 43±8% respectively pre- and 
post-treatment, p=0.02) (fig 3.). Ongoing analysis on 
hemodynamics will further characterise heart function. 
Immunofluorescent staining of progenitor cell surface 
markers nestin and sca1 provided evidence for stem cell 
recruitment to the infarcted area, possibly involved in 
endogenous repair mechanisms of the heart (fig 4).  

Figure 2. Substrate Characterisation. a) SEM image of electrospun PCL 
fibres, b) chemical C1s environment, assessed by XPS

Figure 3. Ejection fraction analysed by echocardiography, 2 weeks post 
infarction (pre-treatment) and 6 weeks poist infraction (post-treatment). 
Biograft treated rats underwent a stabilisation in heart function.

CONCLUSION
In conclusion, we provide evidence that a substrate of 
synthetic micron-scaled fibres allows for the culture of 
mesenchymal stem cells and can furthermore be used as 
an implant for cardiac repair. Biograft evaluation in a 
rodent model of myocardial infarction strengthens the 
hypothesis that cardiac tissue engineering provides a 

possible curative treatment after myocardial infarction. 
Heart function, assessed by echocardiography, was shown 
to be stabilised after biograft treatment.  

Figure 4. Microscopy image of fluorescently labeled nestin(+) cell 
(green). Nuclei are displayed in blue. Nestin(+) cells were found within 
the infracted zone and indicate ongoing endogenous repair mechanisms 
of the heart. 

OUTLOOK

Although a stabilised heart function was measured, the 
underlying mechanisms of myocardial regeneration are 
unknown and need to be elucidated in ongoing studies.
Additionally, we aim to further optimise the fibrous 
substrate by improvement of architectural, chemical and 
mechanical properties and by surface functionalisation 
with growth factors.    

KEYWORDS
Electrospinning, plasma-coating, tissue engineering, 
myocardial infarction.
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INTRODUCTION 

A novel and high-throughput process of manufacturing 
nanofibers was developed and employed in preparation of 
gelatin and protein nanofibers. Specifically, following the 
concept of extrusion of immiscible polymer blends [1-3], 
gelatin aqueous solution was evenly dispersed in ethyl 
acetate solution of cellulose acetate butyrate (CAB) to 
form an immiscible polymer solution blend, and then this 
well dispersed blend was extruded through a die extruder 
to composite coarse fibers through a dry-spinning process. 
Finally gelatin nanofibers were obtained in dispersion 
form in acetone after removal of the CAB matrix. 
Viscosity ratio of the solutions played an important role in 
dispersion of gelatin solution in CAB solution and 
formation of nanofibers during the extrusion. A viscosity 
ratio close to 1 can increase the shear deformation 
between the two phases and formation of nanofibers. 
FT-IR results showed that the approach was a physical 
process and no chemical derivation was involved [4]. The 
gelatin nanofibers in a suspension can be easily applied in 
thin layers onto many surfaces. The nanofiber morphology 
was completely retained after coating, and the gelatin 
nanofiber coated surfaces was able to significantly 
increase the cell adhesion efficiency onto the surfaces, 
indicating that the application of gelatin nanofiber could 
improve surface properties and biocompatibility of 
medical devices and implants. The same process was 
applied in preparation of other protein nanofibers.  
 
PREPARATION OF NANOFIBERS  

CAB solutions were prepared in ethyl acetate at room 
temperature, and gelatin was dissolved in distilled water at 
60oC. CAB/gelatin immiscible solution blend was 
prepared by feeding the solutions into a mixer with a 
stirring speed of 300rpm. After vigorous mixing, the 
solution blend was extruded through a Capillary 
Rheometer LCR 8052 (Kayness, PA 19543), using a 
capillary round die with an L/D ratio of 30 and an 
entrance angle of 120o, and the raw fibers were drawn and 
collected in hot air. The CAB/gelatin raw fibers were 
dried for 24hr at 120oC and stored in desiccators until 
subsequent uses. Gelatin nanofiber suspensions were 
coated onto cotton fabrics, and dried in vacuum, after 
which the samples were observed with SEM to confirm 
the nanofiber morphologies.  

 
Characterization Gelatin nanofiber membrane can be 

obtained for SEM observation by using a Philips XL30 
Scanning Electron Microscope (SEM). Fourier transform  

 
infrared-attenuated total reflectance (FTIR-ATR) 
spectroscopy (Nicolet Magna IR-6700, USA) was 
employed in structuralcharacterization. 

Cell Culture Human prostate cancer PC-3 cells 
(ATCC, Manassas, VA) were routinely cultured in Eagle's 
minimal essential medium (EMEM) supplemented with 
10% Fetal Bovine Serum (FBS) and antibiotics in 37°C 
incubator with 5% CO2 atmosphere.  
 
RESULTS AND DISCUSSION 
Characterization of Gelatin Nanofibers 

To assess whether this fabrication process affected the 
primary gelatin structures, FTIR-ATR measurements were 
made on raw gelatin and gelatin nanofibers (Table 1). 
Both the raw gelatin and gelatin nanofiber showed very 
similar IR spectra with only slight differences in relative 
intensities, which could be a result of differences in the 
broad background underneath each spectrum. Thus, no 
chemical structural changes of the gelatin occurred during 
the fabricating process.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 FTIR spectra of gelatin and gelatin nanofibers 
 

 Figure 2 shows the SEM images of gelatin nanofibers 
formed at a blend volume ratio of CAB solution/gelatin 
solution at 80/20. The nanofibers have a broad diameter 
distribution from 50 to 550nm, and the number average 
diameter was 262nm. When we decreased the gelatin 
solution ratio in the blend to 85/15 (CAB/gelatin), the 
nanofibers exhibited a narrower diameter distribution 
range from 50 to 500nm, and the number average 
diameter was 235nm. With further decrease in the gelatin 
solution ratio to 90/10 (CAB/gelatin), the average 
diameter reached 212nm. All of the results are 
summarized in Table 1, indicating that the gelatin 
nanofibers exhibited smaller diameter and narrower 
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diameter distribution with decreasing proportion of the 
gelatin in the immiscible polymer solution blends.  

 
 
 
 
 
 
 
 
 
 
 
Figure 2 SEM image (a) and size distribution (b) of the 
gelatin nanofibers  
 
Table 1. Diameter ranges and average diameters of gelatin 
phases. 

Sample diameter 
range (nm) 

average 
diameter 
(nm) 

CAB solution/gelatin 
solution=80/20 50~550 262 

CAB solution/gelatin 
solution=85/15 50~500 235 

CAB solution/gelatin 
solution=90/10 50~500 212 

 
 
Application of protein nanofibers 

Gelatin, as an example of proteins, has been processed 
into composites by blending with other materials for 
promoting cell adhesion, migration, differentiation, and 
proliferation. Results have proven that human cells can 
well attach and grow on the gelatin, after the gelatin was 
coated on graft surfaces [5-8]. On the other hand, 
nanofibrous scaffolds were generally used as they can 
mimic the physical dimensions of natural extracellular 
matrix, therefore providing a suitable environment for 
attachment and proliferation [9-10].  

Gelatin nanofibers prepared in acetone dispersion, as 
described in the above section, can be easily applied as 
gelatin nanofiber-coatings onto tissue graft surfaces to 
improve cell adhesion and functions. Figure 3 shows the 
cell adhesion efficiency on the nanofiber coated and 
uncoated culture plates. Two kinds of plates were used 
here: tissue culture plate, which underwent a cell growth 
surface treatment, and non-culture plate. As shown in 
Figure 3, for the tissue culture plate, the nanofiber coated 
samples had higher cell adhesion efficiency than its 
control, indicating the gelatin nanofiber increased the cell 
attachment. This effect was much more obvious for the 
non-culture plate, and the nanofiber coated samples 
showed much higher cell adhesion efficiency than the 
control. These results demonstrated that the gelatin 
nanofibers have positive influences on the cell adhesion, 
and can be used to improve the cell adhesion situation of 
the implants. By applying on the implants, the gelatin 
nanofiber coating is able to modify their surface 

properties and improve the biocompatibility, and this 
technique can be possibly used in tissue-engineering field.   
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Figure 3 Cell adhesion efficiency on the nanofiber coated 
and uncoated plates. 
 
Conclusions 

Gelatin and other protein nanofibers have been 
successfully fabricated via the novel extrusion method. 
FT-IR results showed that the approach was a physical 
process and no chemical derivation was involved. 
Diameter of the gelatin nanofiber can be varied by 
changing the solution blend ratios. The results of cell 
adhesion assay indicated the gelatin nanofiber coating 
surfaces could improve the cell adhesion, indicating their 
applications in tissue-engineering field, to modify the 
surface properties of implants and improve their 
biocompatibility.  
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INTRODUCTION

Superamphiphobic surfaces have a contact angle 
greater than 150º with both water and oil droplets [1,2]. 
Fabrics having a superamphiphobic surface are not only 
non-sticking to water and most oils, but also breathable, 
which is very useful for development of self-cleaning 
protective clothing. 

Most of superhydrophobic and superoleophobic 
surfaces, as well as superamphiphobic surfaces, have poor 
durability. Chemical oxidation from exposure to air, a 
special chemical environment or strong light, or physical 
rubbing could cause the surfaces to lose their super-
repellency permanently. To improve the durability, a bio-
inspired self-healing function has been proposed. 
However, techniques to achieve self-healing super-liquid-
repellent surface on fabrics are rather limited until very 
recently [3].

In the recent study, we demonstrate that a
nanocomposite coating that is prepared from fluorinated 
decyl polyhedral oligomeric silsesquioxane (FD-POSS)
and a fluorinated alkyl silane (FAS) has a self-healable 
superamphiphobic surface. The self-healing can be 
carried out repeatedly by thermal treatment or room 
temperature ageing. The coating also has excellent 
durability against UV light, strong acid, repeated machine 
washes, boiling water and severe abrasion. 

APPROACH

The coating solution was prepared by dissolving FD-
POSS in FAS. After dispersing the FD-POSS/FAS 
solution into ethanol and ultrasonication for 30 minutes, 
the solution was directly applied to a fabric using a dip-
coating method. The coated fabric samples were finally 
dried at 135 ºC for 30 minutes. 

RESULTS AND DISCUSSION

Figure 1a shows the chemical structure of FD-POSS 
and FAS. The SEM image of polyester fabric after the 
coating treatment is shown in Figure 1b. After the coating 
treatment, a thin conformal film was formed on the fiber 
surface. Based on the TEM image (not shown in this 
abstract), the coating was about 150 nm in thickness. FD-
POSS is nano-sized molecule having eight fluorinated 
alkyl chains. FD-POSS was found to disperse throughout
the hydrolyzed FAS coating matrix, forming a composite 
structure. 

Figure 1c shows the colored liquid droplets (13 µl) on 
the coated polyester fabric. The yellow-colored water and 
red-colored hexadecane all look like a round ball. The 
contact angle (CA) measurement indicated that the coated 

fabric had a contact angle of 170º and 153º to water and 
hexadecane, respectively. By measuring the contact angle 
of different liquids on the coated fabric, the influence of 
liquid surface tension on the contact angle was obtained.  
As indicated in Figure 1d, the CA is larger than 150º 
when the surface tension is above 26.5 mN/m 
(tetradecane), which is a typical characteristic of 
superamphiphobic surfaces.

FIGURE 1. a) Chemical structure of FD-POSS and FAS, b) SEM image 
of polyester fabric after the FD-POSS/FAS coating tretment, c) Photo of 
colored water (yellow) and hexadecane (red) on the FD-POSS/FAS 
treated polyester fabric, and d) influrence of liquid surface tension on the 
contact angle.

To demonstrate the self-healing ability, the coated 
fabric was damaged artificially with a plasma treatment 
using air as gas source. After the treatment, the surface 
became both hydrophilic and oleophilic with a contact 
angle of 0º to water and hexadecane (Figure 2a). 

FIGURE 2. a) Photo of colored liquids on the coated fabric after plasma 
treatment, b) Photo of colored liquids on the coated fabric after plasma-
and-heat treatment, c) The contact angle changes after 10 cycles of 
plasma-and-heat treatment, d) Contact angle of the plasma treated fabric 
changes with ageing time at room temperature.  

However, when the plasma treated fabric was heated 
at 135 ºC for 3 minutes, it restored its 
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superamphiphobicity (Figure 2b), with the contact angles 
of 170º and 153º to water and hexadecane, respectively. 
The treated fabric can maintain superhydrophobicity even 
after 100 cycles of plasma and heat treatments, suggesting 
the excellent self-healing ability. However, the
superoleophobicity changed with the plasma-and-heat 
cycles to a slightly larger extent when compared with the 
superhydrophobicity. The contact angle with hexadecane 
was larger than 150º after 40 plasma and self-healing 
cycles. Besides the heat treatment, the self-healing can 
also be performed repeatedly at room temperature simply 
by leaving the plasma-treated fabric for 24 hours (Figure 
2d). 

Apart from plasma treatment, the coated fabric was 
also etched with strong acid and base solutions. When the 
coated fabric was immersed in an aqueous H2SO4

solution (pH = 1) for 24 hours the coated fabric showed 
no changes in the surface superamphiphobicity. 
Immersing the coated fabric in an aqueous KOH solution 
(pH=14) in the same period of time changed the contact
angle to 0°. However, when the KOH treated fabric was 
rinsed with water and heated at 135 ºC for three minutes, 
the surface restored to its original liquid repellency and 
such self-healing action can be repeated for many times as 
well.

Figure 3 shows the FTIR spectra of the coated fabrics 
after plasma and heat treatments. After the plasma 
treatment, the vibration peak at 1190 cm-1, which was 
assigned to the C-F stretching vibration band of the 
fluorinated alkyl chains, reduced considerably, and the 
peak at 1100 cm-1 corresponding to C-O stretch vibration 
was increased evidently. When the plasma treated fabric 
was heated at 135 ºC for 3 minutes, the peak at 1190 cm-1

re-emerged, whilst the peak at 1100 cm-1 was suppressed. 
These results indicate that the introduction of oxygen due 
to plasma treatment leads to decrease of the C-F bonds on 
the coating surface, and after the heat treatment the C-F
bonds return accompanied with decrease in C-O bonds.

FIGURE 3. FTIR spectra of the treated fabrics. 

According to these results, the self-healing mechanism 
of the FD-POSS/FAS coating was proposed. Upon 
damaging the surface chemically, polar groups were 
introduced, resulting in reduced surface 
hydrophobicity/oleophobicity. The low glass transition 
temperature (13 ºC) made the FD-POSS molecules in the 
coating layer have high mobility at room or elevated 

temperatures. As a result of molecular rotation and 
movement, the polar groups introduced tended to be 
hidden into the coating layer, making more fluorinated 
alky chains expose to the surface. Since the FD-POSS 
molecules are surrounded with hydrolyzed FAS resin, 
their movement is restricted considerably. As a result, the 
coating is stable even if at the melting state. The eight 
flexible fluorinated alky chains of the FD-POSS molecule 
function to lubricate the molecule rotation, while the large 
POSS cage hinders the movement of FD-POSS molecules 
during melting. 

FIGURE 4. a) Contact angle of the FD-POSS/FAS coated polyester 
fabric before and after 100 times of machine washes, b) Contact angle 
change with abrasion cycles (Martindale method).

In addition to the self-healing ability to chemical 
damages, the coating was also durable against machine 
wash and abrasion damages. As shown in Figure 4, after
100 cycles of standard machine washes, the fabric still 
maintains the excellent liquid repellency. The coating can 
also withstand at least 6,000 cycles of abrasion without 
changing its super-repellent feature. The coated fabric can 
also be boiled in water for several hours without changing 
the super repellency.  

Such a durable coating with self-healing 
superamphiphobic surface can also be formed on other 
fibrous materials such as cotton and wool.

CONCLUSIONS
We have demonstrated that fabrics coated with

nanocomposite consisting of hydrolyzed FAS and FD-
POSS have a remarkable self-healing superamphiphobic
surface with excellent durability against acid exposure, 
repeated machine washes and severe abrasion. Such a 
functional coating may be useful for development of 
innovative protective clothing for various end 
applications.
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INTRODUCTION 
 
The textile industry is likely to be hugely impacted by 
nanotechnology, as research involving nanotechnology 
based on the finishing, coating and laminating to improve 
performances or create new functionality of textile 
materials through the surface modification of materials in 
situ, e.g. water- or oil-repellency, stain proof, antibacterial 
and antistatic properties, so called the “self-cleaning 
surfaces” etc. Considering the availability, cost, toxicity 
and safety we can assume that the application of 
nanoparticles of silicon dioxide will be the most 
promising in the multifunctional compositions for the 
treatment of textile materials. 
 
The main manufacturer of pyrogenic SiO2 in Ukraine 
under the trade name of Orisil is Orisil Ltd. which is 
located in Kalush, Ivano-Frankivsk region. Pyrogenic 
silicon dioxide or Orisil is a highly dispersed amorphous 
SiO2 which is produced by vapor phase hydrolysis of 
silicon tetrachloride in the gas phase of hydrogen and 
oxygen flame at the temperature of 1100–14000C. 
 
Orisil can be used as filler, which is based on such 
properties as the extremely small particle size, their 
uniformity, spherical shape and the high degree of purity. 
From the chemical point of view all properties of Orisil 
are conditioned by the presence of silanol ≡ Si–OH and 
siloxane ≡ Si–O–Si ≡ groups on its surface.  
 
The surface of the particles of silicon dioxide is coated by 
hydroxyl groups in the silanol groups, which gives the 
high hydrophily of nanoparticles. Isoelectric point of 
nanoparticles is according to pH=3.6–4.3 (4% aqueous 
dispersion), so the particles have the anionic form in a 
neutral medium [1]. 
 
Due to the unique properties of nanoparticles of silicon 
dioxide the purpose of our research is the thorough study 
of their physico-chemical properties and their aqueous 
nanodispersions for the formulation and development of 
textile chemicals for processing of textile materials 
(washing, cleaning, finishing). In this case nanoparticles 
of SiO2 will be multifunctional active additive as a 
dispersant, stabilizer of suspensions, antiresorptive and 
antimicrobial agent, and also due to its hydrophilic 
properties can affect the hydrophobicity of synthetic 
textile materials. 
 
 

METHODOLOGY 
 
The nanoparticles of amorphous pyrogenic SiO2 (Orisil) 
have the size from 5 to 40 nm and the specific surface 
area of 400 m2/g. We prepared the dispersions of silicon 
dioxide in the water. The samples of silicon dioxide were 
added to the water, solutions were intensely blended and 
left for 24 hours for sedimentation. After that the top 
visually transparent layer of liquid was separated and the 
physical and chemical properties were measured: density, 
refractive index, viscosity (kinematic and dynamic) and 
optical density by standard methods. Also the size of the 
particles in aqueous nanodispersions, their polydispersity, 
zeta potential and conductivity were determined by 
Zetasizer Nano ZS, Malvern Instruments Ltd. We made 
the microphotographs of nanoparticles of SiO2 in the 
water with the help of metallurgical microscope MIM-10 
and the camera Pro-MicroScan DCM 520. Spectral 
analysis of the nanodispersions and the treated textile 
materials was carried out on the spectrophotometer 
Spekord ІR 75, Zeiss, Germany. 
 
To stabilize the nanoparticles in aqueous medium we used 
the additives of surface-active substances which are 
produced in Ukraine and have high surface activity, 
sufficient solubilizing, emulsifying and dispersing 
abilities: anionic Sulfonol NP-3, cationic Barvamid 2K, 
nonionic OS-20 and Omero-16 [2], [3]. 
 
Polyester and polyamide fabrics were impregnated by the 
obtained aqueous nanodispersions and dried, and then 
their capillarity and hygroscopicity were determined. Also 
the cleaning power of the solutions with the additives of 
silicon dioxide has been estimated for the washing of the 
synthetic fabrics and threads from the mixed soil on the 
basis of oil and soot. 
 
RESULTS AND DISCUSSION 
 
The measured characteristics of nanoparticles in the water 
by Zetasizer Nano ZS, Malvern Instruments Ltd. are 
shown in Table I: d (nm) – average diameter of particle; ζ 
(mV) – zeta potential; width (mV) – zeta deviation; κ 
(S/m) – conductivity. Samples of nanodispersions had the 
volume of 100 ml: 1 – water with addition of 1 g SiO2; 2 
– solution of cationic surfactant Barvamid 2K with 
concentration of 2 g/L and 1 g SiO2; 3 – solution of 
nonionic surfactant Omero-16 with concentration of 2 g/L 
and 1 g SiO2; 4 – solution of anionic surfactant Sulfonol 
NP-3 with concentration of 2 g/L and 1 g SiO2. 



TABLE I 
Characteristics of Nanoparticles of SiO2 

№ d, nm ζ, mV Width, mV κ, S/m 
1 221.6 -9.56 91.67 0.0032 
2 433.1 28.6 30.77 0.0102 
3 91.56 -16.6 19.24 0.0056 
 510.9 -37.0 179.2  

4 45.80 -17.8 11.43 0.0762 
 219.2  88.9  
 5219  463.1  

 
Research has established that nanoparticles of silicon 
dioxide interact with each other in water with formation 
of bigger aggregates. This was confirmed by 
microphotographs of nanoparticles in water. The zeta 
potential of particles of SiO2 in water is negative, but it 
changes to positive after addition of the cationic 
surfactant. Additives of  nonionic and anionic surfactants 
reduce the electrokinetic charge of the particles. In this 
case the conductivity is increased for nanodispersion with 
anionic Sulfonol NP-3 which is dissociated into surface-
active anion. 
 
Study has shown that the addition of silicon dioxide in the 
amount of 0.02 g/L leads to sharp increase of density and 
decrease of viscosity of the nanodispersions. With further 
increase of the concentration of SiO2 in the water, these 
characteristics gradually increase but not exceed the 
values of properties of the pure water. This can be 
explained by the fact that the ability of the formation of 
the skeletal structures is weakly expressed at low 
concentrations of SiO2 particles in the solution, the 
change of the properties is associated with cleaning of the 
water by adsorption of dissolved substances on the 
nanoparticles of silicon dioxide. After the addition of 
silicon dioxide from 0.1 to 0.4 g/L the viscosity of the 
nanodispersions increases in consequence of the creation 
of three-dimensional structures in the water as a result of 
interaction between surface silanol groups ≡Si–OH and 
formation of the hydrogen bonds, which facilitates the 
thixotropic properties of liquid. This explanation is 
confirmed by the increase of the optical density of 
nanodispersions according to the linear law and their IR-
spectrums. The increase of the viscosity of the solutions 
with nanoparticles of SiO2 leads to the retard of 
sedimentation of solid particles. 
 
It has established that the addition of silicon dioxide 
significantly increases the cleaning power of aqueous 
solutions: detergency of the solutions with nonionic 
surfactants and SiO2 is increased by 5-10 times in 
comparison with the pure water, 2-5 times in comparison 
with nanodispersions of silicon dioxide and 1,5-2 times in 
comparison with aqueous solutions of nonionic 
surfactants. In this case the particles of SiO2 reveal the 
considerable stabilizing (suspending) action to the soils, 
which leads to the increased cleaning, washing and 
antiresorptive abilities of the washing solutions. Also 

there can be interfacial interaction of nanoparticles with 
ionic and nonionic surfactants [4]. 
 
Determination of the capillarity of synthetic fabrics has 
shown that adsorption of nanoparticles of silicon dioxide 
on the polyester fabrics increases the high of capillary rise 
of solution on the samples up to 300 mm for 60 min in 
comparison with the fabric after treatment in pure water 
(58 mm). At the same time the capillarity of the dirty 
samples after washing in aqueous nanodispersions with 
surfactants is significantly increased up to 220 mm with 
the rise of concentration of nanoparticles on the fabrics in 
comparison of treatment in the water (29 mm) and 
aqueous nanodispersions (107 mm). The action of 
nanoparticles of SiO2 in the solutions of nonionic 
surfactants is weakly expressed. Сapillarity of the samples 
particularly sharp increases during the first 5 min of the 
contact with a wetting solution that is important for 
cleaning process. 
 
CONCLUSIONS 
 
Study has shown that application of surfactants can 
regulate the surface properties, activity and affinity 
nanoparticles of silicon dioxide to textile materials. The 
use of nanoparticles of silicon dioxide as a additive to the 
compositions on the basis of surfactants enhances their 
effectiveness in the removal of soils and modifies the 
surface of synthetic fibers through the changing of their 
hydrophobicity. 
 
FUTURE WORK 
 
In continuation of this study we plan to develop the 
compositions on the basis of polymer dispersions with the 
additives of nanoparticles for creation of the sustained 
coating on the surface of materials with self-cleaning, 
soil-resistant, water-repellent and other properties on the 
basis of the new technology of coating with the 
application of the spray system and the optimal dosage of 
components of textile chemicals. 
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INTRODUCTION 
One of the most recent developments in the field of high 
performance composite materials is the multi-scale multi-
functional composites, which are developed through 
combining various functional nanomaterials with 
conventional fiber reinforced polymers (FRPs). This new 
class of advanced materials primarily originated to 
overcome the drawbacks of conventional composites, 
especially their poor properties in through-thickness 
direction such as interlaminar shear strength. Moreover, 
incorporation of a few nanomaterials with exceptional 
properties such as carbon nanotube (CNT) and carbon 
nanofiber (CNF) [1] led to considerable improvements in 
other important properties such as electrical and thermal 
conductivity, thermal stability, thermo-mechanical 
behavior, etc. with further possibility to add new 
functionalities such as strain and damage detection, 
electromagnetic shielding, etc [2]. However, the major 
concern in developing such multi-functional composites is 
the dispersion problem of these nanomaterials in 
polymeric matrices. Poor dispersion of CNF and CNT 
resulted in significant deterioration of in-plane 
mechanical properties of composites such as modulus and 
strength [3]. 
 
To address this issue, the present paper reports the 
development of carbon/epoxy multi-scale composites 
with very uniform dispersion of CNF and CNT within the 
matrix.  The developed composites have been 
characterized for in-plane tensile and compressive 
properties as well as for thermal and electrical 
conductivity. 
 
MATERIALS AND METHODS 
Single-walled CNT (0.1 wt.%) and vapor-grown CNF 
(0.5 wt.%) were dispersed homogeneously in an epoxy 
resin using a combination of ultrasonication and high 
speed mechanical stirring at 2000 rpm. The effect of each 
treatment and their combination on the dispersion quality 
and nanomaterial damage was thoroughly investigated 
and accordingly the treatment durations were optimized. 
Multi-scale composites were then developed though 
impregnation of carbon fabrics with the nanomaterial 
dispersed resin, stacking 4 sheets of impregnated fabrics 
in the form of laminates and finally curing the laminates 
in a compression molding machine.  

The dispersion of CNF and CNT within epoxy matrix was 
characterized using Optical microscopy and phase 
imaging technique of Atomic Force Microscopy. 
Carbon/epoxy and multi-scale composites were 
characterized for in-plane mechanical properties in a 
Universal Testing Machine following ASTM standards. 
Fracture surface of failed specimens after tensile test was 
studied using Scanning Electron Microscopy. Thermal 
conductivity was measured in ALAMBETA instrument 
and bulk electrical conductivity was characterized using 
an impedance analyzer.  
 
RESULTS AND DISCUSSION 
Dispersion study 
It was observed from the dispersion study that a much 
longer dispersion route (combination of 6hr 
ultrasonication with 2hr mechanical stirring) was 
necessary to uniformly disperse 0.1% CNT as compared 
to the treatment required for 0.5% CNF (combination of 
2hr ultrasonication with 1 hr mechanical stirring). The 
homogeneous distribution of CNF and CNT achieved 
through the optimized dispersion routes have been 
presented in Fig.1.  

 
Fig.1: Distribution of CNF (a) and CNT (b) within epoxy 
matrix as observed by AFM phase imaging technique.  
 
Mechanical Properties 
In-plane mechanical properties of carbon/epoxy and 
multi-scale composites are listed in Table I. It can be 
noticed that multi-scale composites showed considerably 
higher mechanical properties as compared to neat 
carbon/epoxy composites. Moreover, the improvement 
obtained with CNT was much higher than that obtained 
with equal or even higher concentrations of CNF.  
 



Table I: In-plane mechanical properties of carbon/epoxy 
and multi-scale composites 

Composites 
Tensile Compressive 

Modulus 
(GPa) 

Strength 
(MPa) 

Modulus 
(GPa) 

Strength 
(MPa) 

Carbon/ 
epoxy 48.4 665.7 17.7 140.5 

Multi-scale: 
0.1% CNT 94.3 872.3 31.3 198.2 

Multi-scale: 
0.1% CNF 65.2 737.0 20.4 158.0 

Multi-scale: 
0.5% CNF 66.1 785.2 26.6 166.3 

 
The improvement of mechanical properties in multi-scale 
composites was mainly attributed to the formation of a 
strong interface between carbon fiber and epoxy matrix in 
the presence of CNF or CNT, as can be realized from the 
strong adhesion between fiber and matrix in the fracture 
surface presented in Fig. 2(b) and (c). In contrast to that, 
the fracture surface of neat carbon/epoxy [Fig. 2(a)] 
showed poor adherence of matrix with carbon fibers 
indicating a weaker interface and lower mechanical 
properties.  
 

 
Fig.2: Fracture surface of neat carbon/epoxy (a) and 
multi-scale composites:(b) CNF based and (c) CNT 
based. 
 
The strong interface originated in case of multi-scale 
composites due to increased residual stresses or interface 
pressure of nano dispersed epoxy on the surface of carbon 
fibers during composite curing. 
 

Thermal and electrical conductivity 
Thermal and electrical conductivity of CNF and CNT 
based multi-scale composites are listed as well as 
compared with neat carbon/epoxy composites in Table II. 
 
Table II: Thermal and electrical conductivity of 
carbon/epoxy and multi-scale composites 

Composites 

Thermal 
Conductivity 
(Wm-1K-1 × 

10-3) 

Electrical 
conductivity 

(S.cm-1) 
 

Neat carbon/epoxy 193 ± 5 1.4 × 10-4 

Carbon/epoxy/0.1% CNT 278  ± 14 8.9 × 10-4 

Carbon/epoxy/0.5% CNF 205 ± 2 2.6 × 10-3 
 
It can be seen from Table II that both thermal and 
electrical conductivity of carbon/epoxy composites 
improved strongly due to presence of CNF and CNT. 
Presence of CNF or CNT thorough out the epoxy matrix 
formed a conductive network leading to better thermal 
and electrical conduction.  
 
CONCLUSIONS 
The present paper reports the possibility of dispersing 
CNF and CNT very uniformly within an epoxy matrix 
using a combination of ultrasonication and high speed 
mechanical stirring. Dispersion of very low 
concentrations of CNT (0.1%) and CNF (0.5%) led to 
strong improvements in the in-plane tensile and 
compressive properties of carbon/epoxy composites. 
Moreover, thermal and electrical conductivity also 
improved significantly. Although the improvement in 
mechanical properties was quite higher with CNT than 
equal or even higher concentrations of CNF, a much 
longer dispersion treatment was required for their 
homogeneous dispersion in epoxy matrix. 
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INTRODUCTION 
Electrostatic forces are ubiquitous in textile and fiber 
processes. While a basic principles theory behind the 
nature and origin of these charges has been elusive over 
thousands of years, fiber and textile processes have found 
ways to control and manipulate these forces using mostly 
an Edisionian approach.  Measuring these charges have 
also proven to be a great challenge as the magnitude of 
these forces is a strong function of the distance between 
the specimen and the probe. As of today, most 
measurements of electrostatic forces in fibers and textiles 
have been made using capacitance devices. These 
devices, while easy to implement in a production line, 
provide an erroneous measurement of these charges as the 
distance between electrodes is most of the times several 
multiples of the fiber’s diameter.  
 
Recently, Electrostatic Force Microscopy EFM has 
proven to be a feasible technique to quantitatively 
measure the magnitude of electrostatic forces and to 
provide spatial resolution on the location of these charges. 
EFM is a technique based on Scanning Probe Microscopy 
and uses a biased tip to detect electrostatic field gradients 
between the probing tip and the specimen while 
maintaining a constant separation of just tens of 
nanometers between tip and sample. This close proximity 
and the ability to keep a controllable separation between 
specimen and probe, has allowed the detection and 
quantification of electrostatic  forces and charges on 
polymeric fibers1-3. 
 
A better understanding of electrostatic forces in fibers and 
textiles can provide a unique avenue to improve the 
productivity of the textile industry as new ways to 
eliminate charging of these materials can allow for higher 
throughput rates and more efficient anti-static treatments. 
Furthermore, a basic exploration of the charging and 
discharging phenomena in non-conductive surfaces can 
also open new ways to take advantage of these forces for 
self-assembly of nanomoeities or for tailoring the 
properties of surfaces .  
 
EXPERIMENTAL APPROACH 
Electrostatically charged polypropylene fibers, also 
known as electrets and extensively used as filtration 
media, served as specimens for the reported experiments. 
Electrostatic force microscopy was used to detect 
electrostatic field gradients between a biased tip and the 
specimen. 2-3 These gradients were processed into images 
in order to gather spatial information on the location and 
magnitude of the charges. Furthermore, the experimental 
data was fitted to two different mathematical models  

 
based on Coloumbic interactions as well as capacitive 
behavior.  Spatial imaging of the location of the charges 
was also achieved by scanning the specimens along their 
axes and using a two-step scanning technique that allowed 
for the conformal probing of highly curved surfaces as 
shown in Figure 1. 4-5 

  
Figure 1. Schematic of the EFM experimental set-up and b. Scan 
profile of a fiber showing the dependence of the tip shape on the 
subtended angle of the profile. 
 
RESULTS AND CONCLUSIONS 
Electrostatic Field Gradient imaging was used to provide 
a spatially resolved map of the location of the charges 
along a polypropylene fiber. The mapping of these 
charges indicate a highly heterogeneous and uneven 
charging of the specimens as shown in Figure 2.   

 
Figure 2. Phase contrast images indicating the magnitude of the 
electrostatic forces and painted over the topography of a charged 
fiber. A highly heterogeneous surface is observed which is a 
reflection of the charging and discharging mechanisms of 
polymer electrets. 
 
Several models have been developed to estimate the 
magnitude of the electrical charges on electrets. In this 
work we propose a numerical model to estimate the initial 
surface charge density in a hemispherical dielectric 
sample. 7,8 
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Figure 3 (a) Discrete surface of a conductive tip. ‘Charge rings’ 
are separated by a distance hi, i ∈ [1, Nr] in the z direction and 
‘potential rings’ are located between two consecutive charge 
rings. Consecutive ‘potential rings’ are separated by a distance 
(hi+hi+1)/2; φ is an angle in the plane xy parallel to the ground 
plane. (b) Simplified model consisting of a single charge ring 
over a dielectric hemisphere lying in an infinite ground plane xy. 
 
The proposed model is found to give a good 
approximation when compared to experimental force 
gradient results.9 A biased conductive conical tip, 
simplified as a discrete set of coaxial ‘charge rings’, 
provides an equipotential surface model of the cantilever 
tip. An analytical solution for the force exerted over the 
biased cantilever tip is given, and numerical results for 
EFM force gradient are obtained, as functions of the 
initial surface charge density of the sample (σS) and its 
dielectric constant (ke). This study allows σS and ke to be 
estimated from experimental measurements of the 
minimum force gradient value when the cantilever tip 
voltage is varied. 
 
Local σS and ke estimations could have a great impact on 
studies of charge storage efficiency and dynamics of 
charged dielectric fibers (electrets), electrostatic coatings 

and optimization of lithographic tools based on EFM 
techniques.  
 
CONCLUSIONS 
A new methodology to measure electrostatic forces on 
polymeric fibers is presented. Experimental results show a 
heterogeneous mapping of the charge domains. A 
mathematical model is also proposed to estimate the 
magnitude of the charge in the fibers and the model 
provides quantitative agreement with the experimental 
results. Measuring and understanding the role of 
electrostatic forces has great implications in the textile, 
fiber and polymer community and potentially improve the 
productivity of these industries. 
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ABSTRACT 
In the present work, carbon nanofibers were prepared by 
pyrolysis of freeze-dried cellulose nanofiber and the effect 
of pyrolysis conditions on the properties of carbon 
nanofiber was studied. SEM analysis revealed that slow 
heating rates below 400oC are critical to maintain the 
fibrous morphology after carbonization. The present study 
demonstrated the possibility of producing carbon 
nanofibers of ≤ 30 nm in diameter by a simple and 
scalable method. 
 
INTRODUCTION 
Carbon nanofibers (CNFs) have attracted much attention 
in many applications including nanocomposites in 
automotive and aerospace and sensors in electronics [1]. 
Various methods are used to obtain CNF including 
chemical vapor deposition and pyrolysis. The latter is a 
convenient and fairly simple approach which can reduce 
the cost of CNF production. The molecular and 
morphological properties of precursors and pyrolysis 
conditions such as heating profile and precursor treatment 
strongly affect properties of the carbon product [3].  

Cellulose is a renewable raw material and widely 
available on earth with a high carbon content of 44.4 wt% 
[2]. The high percentage of carbon in cellulose structure 
and low price make it an attractive precursor for carbon 
nanofiber fabrication. However, destruction of fibrous 
morphology after carbonization is a major challenge in 
the production of CNFs from cellulose. The key points in 
preserving fibrous structure in the CNF are (i) to prepare 
loosely packed cellulose nanofiber (CellNF) so that fibers 
are independent from their neighboring fibers and (ii) to 
design the pyrolysis conditions to optimise the cellulose 
decomposition. However, to date, there has been little 
research conducted on the carbonization of CellNF 
originated from softwood pulp due to unavailability of 
appropriate fabrication methods. Recently, our group has 
successfully developed the method to produce CellNF 
from natural plant products, using a scalable technique 
[3]. In this paper we report the fabrication of CNF from 
such CellNF by simple pyrolysis in an inert gas 
atmosphere. Characterization results indicated the  
 

 
 
possibility of producing CNF of < 30 nm in diameter with 
potential for graphitization at lower temperatures. 
 
APPROACH 
Dried soft wood pulp (NIST standard material RM 8495 
Northern Softwood Bleached Kraft Pulp) was obtained 
from Australian Pulp and Paper Institute at Monash 
University to produce freeze dried CellNF precursors. The 
procedure for the preparation of the precursor has been 
described elsewhere [3]. CellNF samples were carbonized 
in a Lindberg/Blue tube furnace under N2 atmosphere at a 
gas flow rate of 70 ml/min. The samples were heat treated 
from 240 oC to 400 oC by three different heating rates: 1, 
2 and 10 oC/min. The resultant residues were then cooled 
down to room temperature. 
 
RESULTS AND DISCUSSION 
Figure 1 shows the thermogravimetric curve of the freeze-
dried CellNF precursor. It follows the usual trend in 
cellulosic decomposition, which starts from ~ 250 oC. The 
mass loss at 600oC was 83%. 
 
Figure 2 shows the SEM images of the samples heat 
treated up to 400 oC using the three heating rates. It is 
noted that the slowest heating rate of 1 oC/min did not 
alter the original fibrous morphology during carbonization 
(Fig. 2a) while the highest heating rate of 10 oC/min 
caused destruction of the fibrous structure and formation 
of film-like structures (Figs. 2b and 2c). Figure 2d shows 
that carbon nanofibers had average diameter of 25.3 nm. 
 
Figure 3 shows the X-ray diffraction profiles of the 
samples before and after heat treatment. The peak at 22.5° 
in the precursor was observed in the sample heated up to 
240 oC, indicating that the crystalline structure of cellulose 
was maintained below 240 oC. However, heat treatment 
up to 400 oC resulted in the destruction of crystalline 
structure; hence an amorphous carbon was formed. 
Various heating rates between 240 oC and 400 oC resulted 
in similar XRD curves, suggesting that the precursor’s 
crystalline structure was destroyed during the heat 
treatment. 



Figure 1. TG/DSC graphs of freeze-dried CellNF precursor  

1.4

Figure 2. SEM images of the sample heated to400 oC by (a) 1 oC/min,
(b) 2 oC /min, (c) 10 oC /min and (d) fiber diameter distribution. 

Figure 3. XRD diffraction graphs for the samples. 

Figure 4. FTIR spectra of the samples. 

Figure 4 shows the Fourier transform infrared (FTIR)
spectra of the CNF and CellNF. For the CellNF 
precursors, the bands at 880, 1112, 1163, 1227, 1277, 
1315, 1336, 1365 and 1428 cm-1 were assigned to CH2,
C-OH, C-O, O-H, C-H, CH2 wagging, O-H, C-H, and 
symmetric CH2, respectively [4-5]. It is noted that the 

cellulosic chemical structure was maintained at 240 oC
while heat treatment at 400 oC resulted in the formation of 
a rather different spectrum. The sample heated at 400 oC 
showed a peak at 1703 cm-1 which is assigned to the C-C
vibration of the C=C band [6-7]. Removal of hydrogen 
and oxygen from the precursor’s molecule and formation 
of C=C groups indicate that heat treatment at 400 oC 
resulted in the formation of carbon nanofibers with 
potential for graphitization at lower temperatures.  

It is thought that a slow heating rate helps the removal of 
OH groups on the glucose units in cellulose chain via 
intra-molecular dehydration, so as to avoid chain scission 
during heat treatment, leading to the retention of original 
fibrous structure [8].  

In addition, the CellNF precursor was heat treated at 240
oC using three heating rates (1, 2 and 10 oC/min) and 
holding times (1, 2, and 3 h) to study the effect of 
pyrolysis conditions below 240 oC. The results showed 
insignificant changes in the morphological, chemical and 
crystal properties of nanofibers. 

CONCLUSION
In this study, carbon nanofibers of ~25 nm in diameter
were successfully fabricated by designing the pyrolysis 
conditions of freeze-dried cellulose nanofibers from 240
oC to 400 oC. It is shown that a slower heating rate of 1
oC/min maintained the fibrous structure in the heat treated 
carbon residue. It is also observed that pyrolysis 
conditions below 240 oC have insignificant effects on the 
precursor’s properties.
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STATEMENT OF PURPOSE/OBJECTIVE

Investigation of the aggregation behaviour of 
nanosilver particles of two different shapes in 
liquid media and its effect on antimicrobial activity.

INTRODUCTION

Nanosilver has a high efficacy towards a wide 
range of microbes at low concentration and has 
been used as antimicrobial finish since long ago. It
has been also found that there is a strong 
correlation of shape (crystallographic structure) and 
size of nanosilver with its chemical, physical, 
catalytic and optical properties [1,2]. Silver 
nanoparticles can be synthesized in different 
colours depending on the surface plasmon 
resonance (SPR) of different shape and size [3]. 

It has been reported that anisotropic silver 
nanoparticles (e.g. triangular) have higher
antimicrobial activity than spherical nanoparticles
and this has been attributed to reactive facets like 
{111} of anisotropic nanosilver particles [4]. 

However, the reactivity of nanosilver particles
should primarily depend upon the surface area of 
the nanoparticle available for the interaction with 
bacteria and it is expected that any nanoparticle 
irrespective of its shape, with higher surface area 
should give higher antimicrobial activity.

The available surface area of nanoparticle and 
hence their antimicrobial activity may get highly 
influenced by their aggregation behaviour in liquid 
media. The aggregation behaviour in turn may get 
influenced by the shape of nanoparticles. This 
behaviour and its influence on antimicrobial 
activity have never been investigated for different
shaped silver nanoparticles.

APPROACH

In this study,

Nanosilver particles of two different shapes have 
been synthesized using a novel temperature 
controlled chemical reduction technique. 

Shape and size distribution of the nanoparticles
were characterized by DLS, SAXS in dispersion 
form (on glass slide) and by FESEM on substrate.

The effect of different types of surfactants at
varying concentration was investigated on particle 
size distribution of silver nanoparticles of different 
shapes. The antimicrobial activity was determined 
quantitatively by Colony Counting Method 
(AATCC 100) and then correlated with the 
surfactant-modified different shaped silver 
nanoparticles.

RESULTS AND DISCUSSION

Nanosilver particles of different shapes have been 
synthesized by changing the temperature and 
concentration of reducing agent. Lower
concentration of reducing agent and lower 
temperature lead to kinetically controlled growth of 
anisotropic nanosilver particles whereas higher
temperature and higher concentration of reducing 
agent lead to more thermodynamically controlled 
isotropic (spherical) nanosilver particles [Fig 1]. 
Their particle size distribution as measured by 
Small Angle X-ray Spectroscopy (SAXS) and 
Dynamic Light Scattering (DLS). 

  

Figure 1: Coloured nanosilver dispersion of 
different shapes a) Isotropic/ spherical, b) 
Anisotropic and their corresponding UV-vis 
spectroscopy

Figure 2: Particle size analysis (by SAXS) of 
coloured nanosilver dispersion a) Yellow 
(Isotropic/ spherical) b) Blue (Anisotropic)

a
 

b
 

0.5 nm to 8 nm , 
60% and other 
agglomerated peaks

 

1 nm to 8 nm, 
75-80%  a

 
b
 

a b



The as prepared anisotropic nanosilver particles 
having comparatively bigger size showed higher 
antimicrobial activity than spherical nanosilver 
particles of smaller size. On SEM analysis, it was 
found that spherical particles were present as large 
aggregates in dispersion form as well as on 
substrate [Fig 3] while the anisotropic silver 
nanoparticles were present in more dispersed form 
as shown in figure 4. 

The effect of three different type surfactants at 
varying concentrations (0.1 – 5 wt%) was studied 
on dispersion behaviour, compatibility and 
antibacterial activity for different shaped nanosilver 
particles. Non-ionic, cationic and anionic of 
surfactants have been investigated. It was observed 
that addition of all the surfactant (mainly ionic) 
improved the dispersion of both shaped particles 
and consequently the antimicrobial activity.  

 
 
Figure 3: SEM images of 
spherical nanosilver particles a) as 
prepared, b) surfactant modified 
 

 
 
Figure 4: SEM images of anisotropic nanosilver 
particles a) as prepared, b) surfactant modified 
 

Interestingly it was also found that as ionic 
surfactants were added in a higher concentration, 
size of aggregates of the spherical particles were 
gradually reduced, antimicrobial activity improved 
in a manner that it surpassed that of the anisotropic 
particles which are mainly composed of reactive 
{111} facet. Minimum bactericidal concentration 
(MBC) of as prepared isotropic (spherical) 
nanosilver particles without surfactant was in the 
range of 0.22-0.25ppm, whereas with surfactant it 
reduced to in the range of 0.01-0.02 ppm. Cationic 
surfactant showed better AM activity than others 
possibly due to the presence of quaternary nitrogen. 
Whereas, the as prepared anisotropic silver 
nanoparticles showed MBC value of 0.1 ppm 

which could be reduced to only 0.055ppm. 
Compatibility of cationic surfactant with 
anisotropic nanosilver particles was found to be 
less due to presence of halide ion. Non-ionic 
surfactant to a low concentration improves AM 
activity but at high concentration it actually hinders 
the property. Ionic surfactants could show better 
activity compared to non-ionic surfactants. This 
may be attributed to the enhancement of the 
antibacterial activity of the silver nanoparticles by 
ionic surfactants due to its ability to increase the 
permeability of the cell wall or to disrupt the cell 
wall of bacteria [5]. Characterization was done 
using different techniques e. g. SEM, UV-vis 
spectroscopy, TEM, particle size analyser (DLS) 
and Small Angle X-ray Scattering (SAXS). 
 
CONCLUSIONS 
The available surface area of nanoparticle and 
consequently their antimicrobial activity get highly 
influenced by their aggregation behaviour in liquid 
media. Anisotropic silver nanoparticles showed less 
aggregation than isotropic one in dispersion form. 
Surfactant-modified spherical nanosilver particles 
showed higher antimicrobial activity (in terms of 
MBC) than anisotropic nanosilver particles. 
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FUTURE WORK 
Application of nanosilver dispersion will be carried 
out on different textile substrates as durable 
antimicrobial textiles.  
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INTRODUCTION 
One promising way to obtain multifunctional fiber 
materials can be achieved by the introduction of 
nanoparticle fillers exhibiting specific properties. Titania 
(TiO2) nanoparticles have the potential to improve both 
UV resistance and antistatic properties, as well as impart 
self-cleaning by photocatalysis to enable deodorizing and 
antimicrobial effects. By use of the photocatalytic 
approach (the combination of light irradiation and TiO2 
particles with appropriate valence band gap) organic 
molecules can be degraded to CO2 and H2O (Fig. 1). 
In contrast to textile coating processes, where abrasion 
resistance and washing fastness are the main challenges to 
obtain functional durability, our investigations target the 
incorporation of novel doped TiO2 nanoparticles into 
polyester (PET) fibers by melt extrusion processes for 
masterbatch preparation, followed by spinning for fiber 
development. To obtain textile fabrics with high 
deodorizing properties, selected post-treatments of 
weavings and knittings where applied to enhance the 
specific surface area and thus the photocatalytic turnover 
rates. 
The introduction of nanofillers into polymers is a 
challenging task. To enable further processing steps like 
melt spinning or injection moulding, masterbatches 
exhibiting a high dispersion of the filler and a minimal 
degradation of the polymer matrix are required.  
 

 

Figure 1:  Principle of photocatalysis: Light induces electron 
transfer within TiO2 valence band to obtain, by the presence of 
O2 and/or  H2O, highly active species (O2

-, OH) to degrade 
organic molecules [1]. 

APPROACH 
Commercially available, photocatalytic active TiO2 (P25, 
Degussa) nanoparticles were used throughout this study. 
10 % TiO2 / PET masterbatches were produced by twin 
screw melt extrusion. Particle dispersion was investigated 
by controlling and varying extrusion parameters such as 

screw design, rotation speed, throughput and temperature 
profile. Selected dispersing agents (5 wt.%) were used to 
enhance breakup of agglomerates. Analysis of TiO2 
dispersion was performed by EDX, TEM and image 
analysis, rheological properties were measured by use of a 
plate – plate rheometer in dynamic mode and thermal 
properties were determined by DSC. Masterbatch 
granules were mixed 1:10 with pure PET and spun on 
both a pilot and an industrial melt spinning plant to 
produce mono- and multifilaments. Photocatalytic 
activities were measured by use of instrumental methods 
(UV and VIS light sources) assessing the degradation of 
reference molecules like formaldehyde [2], nicotine and 
(E)-3-methyl-2-hexenoic acid. The influences of 
photocatalytic particles on the fiber tensile strength was 
measured by laboratory weathering experiments 
according to ISO 4892-2. 

RESULTS AND DISCUSSION 
Dispersion of TiO2 particles within PET was mostly 
enhanced by the use of dispersing agents and appropriate 
use of dispersive mixing and kneading elements used for 
the screw build-up. Secondary benefits derived from 
optimization of the screw rotation speed, whereas 

 
Figure 2:  Dispersion of TiO2 particles within PET 
masterbatches using same extrusion parameters (TEM, cryo 
cutted granules): a) 90%  PET / 10 % TiO2 b) 85 % PET / 10 
%TiO2 / 5% dispersing agent. 
 



temperature profile and throughput only had marginal 
effects. Without dispersing agents, large agglomerates (10 
- 50 μm) are found, whereas the use of dispersing agents 
depicts particles only in the submicron range (Fig. 2). 
Rheological properties of the masterbatches are highly 
influenced by the introduction of the nanoparticles. A 
large decrease of the complex viscosity and a change of 
flow properties are found (Fig.3). For pure melt extruded 
PET as well as for the 10 % TiO2 / PET samples a 
pseudo-newtonian flow behavior is found in the low 
frequency range. At higher frequency values shear 
thinning is present. For masterbatches incorporating the 
dispersing agent much lower viscosity values are 
measured with an increasing viscosity at middle and high 
frequencies. This is strongly related to the interaction of 
the polymer with the additives, the size distribution of the 
particles within the polymer and possible degradation 
reactions: At first, nanoscaled TiO2 particles break-up 
crystalline PET domains allowing for easier alignement of 
PET chains, secondly, a certain amount of chain length 
reduction must be taken into consideration (by catalytic 
reaction mechanisms due to TiO2), lowering overall 
viscosities [3]. For masterbatches incorporating both TiO2 
as well as the dispersing additive a dramatic reduction of 
viscosity is found caused by smaller TiO2 particles (better 
dispersion) and a possible lubrication effect from the 
dispersion additive. These effects must be taken into 
consideration for melt spinning, e.g. in terms of 
adjustment of temperature profiles and overall throughput 
values. 
  

 
Figure 3: Complex viscosity vs. angular frequency of pure PET 
and selected 10 % TiO2 / PET masterbatches with and without 
dispersing agent. 
 

Figure 4 depicts a typical photocatalytic degradation 
measurement for formaldehyde. Weavings (40 cm2) 
deriving from one of the masterbatches mentioned above, 
spun at industrial high speed melt spinning conditions 

were used. It clearly can be shown, that by using particle 
incorporation principles and adequate post-treatments, 
photocatalytic active sites are still present giving good 
functional properties to the fabric. 

CONCLUSION 
Highly dispersed nanoparticles within polymers allow for 
stable melt spinning conditions without any pressure 
build-up within the melt spinning instrumentation. 
Thereby, selected parameters have to be taken into 
account for melt screw extrusion, being for TiO2 
incorporation predominantly the use of dispersing agents, 
the screw design and the screw rotation speed at constant 
throughput. Highly efficient photocatalytic fibers are 
obtained for degradation of odors. 

 

Figure 4: Photocatalytic activities for formaldehyde degradation 
using pure PET and PET / 1 % TiO2 weavings. Values for non-
irradiated (dark) and irradiated  (exposed) samples. Introduction 
of approx. 66 µg formaldehyde, 24 hours exposure, use of UV 
fluorescent tubes (actinic). 
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Bionanocellulose (BC) is a polysaccharide produced 

by Acetobacter xylinus and some other Acetic acid 
bacteria. It has a gel-like appearance which accumulates 
on the surface of liquid culture media and has the same 
molecular formula as plant cellulose but is 
fundamentally different because of its nanofiber 
architecture (Figure 1). BC is pure cellulose with high-
molar-mass, hydrogen-bonded polymer chains in an 
extended-chain conformation. So it presents unique 
properties such as high crystallinity, good 
biocompatibility, ultra fine three dimensional (3D) 
network with a distinct tunnel and pore structure, high 
specific surface area and excellent mechanical strength. 
Therefore, BC opens up a novel field of application for 
cellulose materials. 

 

 

Figure 1 BC appearance and SEM image. 

The biosynthesis of BC, yield up to 40% (in relation 
to the D-glucose substrate), is an efficient 
biotechnological process. In the process of the BC 
biosynthesis, one of the important problems is 
fermentation optimization for enhanced BC productivity. 
The components of culture media1(including carbon 
source, nitrogen source and additives), 
temperature,oxygen, and so on can determine the 
effectiveness of cellulose production and their 
supramolecular network structure,2 which determines the 
properties. The effects on the yield and the properties 
have been intensively investigated in our group by 
changing the parameters and a facile process has been 
developed. 

BC can be functionalized in situ by the addition of 
the addictives to the cultural medium to obtain different 
supramolecular structure of the cellulose and the 
generation of composites, or by post-processing to obtain 

functionized cellulose such as acetylated, carboxylated, 
phosphorylated and amidoximated cellulose.3-5 Moreover, 
some opoelectrical groups can be connected onto BC or 
using BC as the matrix to fabricate optoelectrical devices 
and sensors.6-8 Figure 2 and Figure 3 shows the 
photochromic BC nanofibrous membranes and 
Formaldehyde sensors based on nanofibrous 
polyethyleneimine/ BC membranes, respectively. 

 

 
 

Figure 2 BC (a) and photochromic BC nanofibrous 
membranes after being treated by UV irradiation for0 s 
(b),30 s (c) and60 s (d); (e) and (f) were the membrane 
recovered in the dark for 10 and 30 min after irradiated by 
UV light for 60 s.6 

 

formaldehydeformaldehyde

 
 

Figure 3 Formaldehyde sensors based on nanofibrous 
polyethyleneimine/bacterial cellulose membranes coated 
quartz crystal microbalance.7 

 
The incorporation of nanoparticles into polymers is a 

design approach to obtain novel nanocomposites.9,10 A 
new approach is nanoparticles in-situ formation in the 
polymer matrix/template. Using the nanofibers of BC as 
the template, we prepared nanocomposites combined the 
excellent properties of BC and the catalytic activity, 
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electrical, optical, and/or magnetic prosperities of the 
nanoparticles.11-15 Figure 4 shows the representative 
FESEM image of different nanocompisites based on BC 
nanofibres template. 
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Figure 4 Representative FESEM images of 
nanocomposites (a) polyaniline/BC, (b) CdSe/BC, (c) 
ZnO/BC, (d) Fe3O4/BC.  

The researches about BC have been investigated 
intensively in the past few years, however, large-scale 
industrial production is still in a state of development. 
Functionized BC will be an important issue to expand its 
application. In the nanocomposites materials based on 
BC, We need to further investigate the formation 
mechanism and the interaction between the metallic ion 
and hydrogen-bonded polymer chains. It will be of 
interest in the future to improve the material properties 
and/or to develop materials combined multifunctional 
properties.  
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INTRODUCTION 
Addition small amount of nanoclay to the polymers 
improve some properties such as moduli, strength 
and heat resistance, decreased gas permeability and 
flammability [1]. In lab scale PET/clay 
nanocomposites can be prepared by in situ 
polymerization methods. Many studies related with 
preparation and spinning PET/clay nanocomposite 
fibers by these methods was done by Korean 
researchers [2, 3, 4, 5]. In those studies, fibers were 
prepared by simple spinning throw capillary 
rheometer and it was shown that certain amounts of 
clay can improve thermo-mechanical properties of 
PET nanocomposite fibers. However those studies 
did not give information about spinnability of fibers 
at high take up speeds.  Unlike them Guan et al. [6] 
show spinnability of PET/clay nanocomposites 
prepared by in situ polymerization in to fibers form 
at high take speeds. The studies also noted that 
when clay contents higher than 1.5 wt% some 
difficulties was started in melt spinning process. 
Melt spinning of PET/clay nanocomposite yarn 
with 50 filaments was done at 500 m/min take up 
speed and then drawn with 4.98 draw ratio at 
regular conditions. PET/clay nanocomposite drawn 
yarn was show low heat shrinkage and high 
modulus than PET drawn yarns. However the 
strength of nanocomposite yarn is slightly lower 
than PET drawn yarns.  
 
Melt processing is another method for preparation 
PET/clay nanocomposites. The main advantages of 
melt processing methods upon in situ 
polymerization methods is use current equipments 
and can be easily commercialize. However here 
some challenges related with incorporation of 
nanoclay to PET by this method. Because 
degradation temperature of commercial nanoclay, 
depend on type of quaternary amine, starting near 
160-212ºC [7] which is much below than 
processing temperature of PET. For this reason only 
few studies related with preparation PET/clay 
nanocomposite fibers were done by this method [8, 
9]. Solid state polymerization (SSP) was used by 
Litchfield et al. [8, 9] after melt compounding PET 
with clay in single screw extruders. SSP was used 
to overcome reduction in molecular weights of 
polymer. The spinning speeds of 50 filaments yarn 
was 550 m/min. The PET/clay nanocomposite fiber 
show improved mechanical properties. Main 

disadvantages of Litchfield et al. [8, 9] approach is 
use energy consumption SSP procedures. The same 
approach was used by Du Pont in preparation PET 
nanocomposite fibers with sepiolite type clay [10]. 
Despite of some disadvantages of melt processing 
methods it will be promising method for 
commercialization of polymer-clay nanocomposite 
fibers. In this study we demonstrate preparation 
PET/clay nanocomposite fibers by a simple melt 
processing methods without additional SSP 
procedures. Masterbatch approach was used for 
incorporate nanoclay to PET fibers. 
 
EXPERIMENTAL SECTION 
Materials 
Commercial nanoclay Nanomer I44P and Nanomer 
I30P was supplied from Desi Kimya ve Maden San 
Tic A.S. which is Amcol’s branch company in 
Turkey. Nanomer I44P is an octadecylamine 
modified montmorillonite with average particle size 
15-20 micron. Nanomer I30P is a dimethyl 
di(hydroginatedtallow) ammonium modified 
montmorillonite with average particle size 15-20 
micron. Fiber grade PET chips with intrinsic 
viscosity (IV) 0.635 dL/g and bottle grade 
poly(buthelene terephthalate) (PBT) chips with IV   
0,80 dL/g was used as a carrier polymer. All 
materials were used in as received form. 
 
Masterbatch Preparation 
Contour rotating twin screw extruders (TSE) with 
special designed screw and length/diameter ratio 
(L/D) 44 was used in masterbatch preparation. Prior 
to melt compounding PBT and nanoclay were dry 
mixed and after that melt compounded in contour 
rotating TSE at 350 rpm and 240ºC melt 
temperature. Masterbatches with different clay 
content as shown in Table 1 was prepared.  
 
Table 1: PBT/Clay Masterbatches  

Sample 1 5 wt% I44P Sample 5 5 wt% I30P 
95 wt% PBT 95 wt% PBT 

Sample 2 10 wt% I44P Sample 6 10 wt% I30P 
90 wt% PBT 90 wt% PBT 

Sample 3 15 wt% I44P Sample 7 15 wt% I30P 
85 wt% PBT 85 wt% PBT 

Sample 4 20 wt% I44P Sample 8 20 wt% I30P 
80 wt% PBT 80 wt% PBT 

mailto:rustamhodjiyev@gmail.com
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Spinning of PET/Clay Nanocomposite Fiber 
Each masterbatch was diluted by 5 wt% in fiber 
spinning procedures. Before dilution procedure 
moisture was removed by drying masterbatch chips. 
The spinning of PET/clay nanocomposite yarn with 
300 denier and 96 filaments was carried out at 
286ºC melt temperature using single screw 
extruders. The spinning speed was 1300 m/min and 
simultaneously hot drawn with 2.65 draw ratio in 
drawing machine for preparation fully drawn yarn 
(FDY). 
 
RESULTS AND DISCUSSION 
The IV of PBT polymers is slightly reduced with 
addition of nanoclays. Reducing of PBT’s IV was 
increased with clay contents. It can be explained by 
degradation of nanoclay during extrusions. Because 
degradation of commercial nanoclays modified with 
primer and quaternary amine temperature is starting 
at much lower temperature than PBT processing 
temperature [7]. Besides that’s the relative hydroxyl 
groups content are increased with clay content and 
this describe why IV decrease with increasing clay 
content. Because hydroxyl groups at the edge of 
clay minerals at higher processing temperature 
behave as Bronsted acid sites [11]. Other reasons 
why IV decreased is dispersion state of clay particle 
in PBT matrices. The IV is lower when non 
homogeny dispersion of clay platelets observed. 
Flow from TSE die becomes discontinuous when 
clay content reaches to 20 wt%.  
 
The clay content of PET nanocomposites fiber is 
varied between 0-1 wt%. The tensile strength of 
PET/clay nanocomposites fibers for Nanomer I44P 
are slightly decreased with addition of nanoclays. 
However for Nanomer I30P is decreased till 0.5 
wt% clay content and after that rapidly increased. 
Litchfield et al. [8, 9] reports that tensile strength of 
PET nanocomposite fibers higher than PET fibers 
only when clay contents are equal to 1 wt%.  
PET/clay nanocomposite fibers prepared in this 
study show same behavior as reported in literature. 
Elongation at break seems higher for 
nanocomposite fibers prepared with Nanomer I30P.  
The elongation of break decreases with addition of 
clay particles from literature. However, in our study, 
the elongation at break was increased.  Addition of 
clay particles did not give any extra toughness to 
PET clay nano caomposite fibers. 
 
FUTURE WORK 
Future work will continue in preparation and 
investigation properties of PET/clay nanocomposite 
fiber with higher clay content than 1 wt%.  Also 
dyeing properties of PET/clay nanocomposite fibers 
will be investigated.  
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ABSTRACT 
In vivo-observations of the origin of native defects in 
cotton fibers were carried out during their development in 
unopened cotton bolls. It is shown that the formation of 
these structural defects is related to features of their 
packing inside the cotton bolls during the formation of the 
boll segments.  A mechanism explaining the origination 
of these morphological defects is proposed. It is based on 
the hydrodynamic properties of the cytoplasm at the sites 
of bending in developing cotton fibers. 

INTRODUCTION 
Cotton fiber, made up of 98% pure cellulose, is important 
biopolymer material for textile industry. Much research 
has been devoted to the origin of defects in cotton fibers 
and to the degradation of its properties during crop 
gathering, storage and primary technological processing. 
One of the questions that has remained unsolved is why, 
during the development of the fiber, does an unopened 
cotton boll already contain a considerable percentage of 
distorted cotton hairs? What is the nature of the 
origination of these defects? The naturally occurring 
defects in cotton hairs reduce the uniformity and, thus, the 
quality of yarn. The quality of yarn and the resulting 
textile depend largely on the strength of the fiber . Small 
differences in fiber strength can lead to tearing during 
spinning. Consequently, these seemingly small defects 
found in cotton fibers have a significant effect on product 
quality and, ultimately, on the economy of countries with 
a large cotton market. The purpose of this investigation is 
to analyze the origin of these structural defects of cotton 
hairs through in vivo-observations.Use this template.  
 
APPROACH 
Fibers of the following cotton species and cultivars were 
investigated: Gossypium hirsutum L. (Tashkent-1, 108-F, 
Kizil-Ravat), Gossypium barbadense L. (C-6030, C-
6524). Plants were grown in a local plot on clay-fertilized 
sierozem with regular watering and examined under a 
Neophot-2 universal optical microscope (Carl Zeiss, 
Germany). Through this arrangement, not only static 
defects but also the formation of these defects during the 
growth process could be recorded.  

RESULTS AND DISCUSSION 
The defects observed in our investigation (see Figure 1) 
are of the same type as those previously described [1].  

This uniformity in defects observed in different genotypes 
under different environmental conditions (latitude, soil,  

Figure 1 Defects observed in cotton fibers of plants (G. 
hirsutum cv. Tashkent-1) raised under optimized culture 
conditions. a - thin filament, x370. b - zigzag-bent fiber, x260, c 
- short spur,  x200, d - long spur,  x200. e - forked fiber,  x260, f 
- protuberant fiber, x350. g - multiple spurs, x370. 

 

etc.) convincingly indicates that there is an inherent factor 
common to all these defects. Previous authors [2] 
suggested that the defects are related to the number of 
cotton hairs per volume unit of a cotton boll and their 
packing at high density. High density could be the result 
of a heterosis-like effect after hybridization. Given that 
each separate lobule consists of 6-9 seeds, up to a million 
hairs must be packed into a limited space resulting in 
multiple bends and the typical zigzag-like symmetrical 
appearance as shown in Figure 2a. From day 15 to 20 and 
on until full ripening there are two instances where the 
dense packing (Figure 2b) show some free space: one, in 
front of the growing hair tip, where the invading hair 



pushes apart the already packed hairs (Figure 2b) and two, 
where hairs collectively change direction (Figure 2c). 
Figure 2d simultaneously shows the linear tip growth of 
the cotton hair (hair 2) and the point of a sharp turn of 
another hair (hair 1). At the turn the defect appeared first 
as cell wall bulging, then as a small and consequently 
large dowel. It is shown that the growth and lengthening 
mechanism of cotton hairs is connected to the periodic 
appearance on their apical parts of microscopically plastic 
convexing, which rhythmically occurs and expands to the  

Figure 2.  Observations of growth features of cotton fibers 
during the formation of cotton boll segments (replica imprint, 
see Materials and Methods). a - typical packing of cotton hairs 
on the surface of cotton segment on day 17 after flowering 
(Tashkent-1, x45), b - section of straight-growing hairs (108-F,  
x1000),  c - section of bended-growth (C-6030, x500), d - 
section with sharply-bent hair (1) and apical tip (2) (Turfan 
guza,  x1200), e - spur formed at bending site (Tashkent-1, 
x500), f - thin filament showing an inhibition of cell wall 
thickening thus, leaving lateral extrusions. Cotton boll opened 
45 days after flowering (108-F, x1000) 

 

natural diameter of cotton hair. Thus, our work visually 
demonstrates that the reason for the formation of the 
majority of structural defects in hairs is their sharp 
bending. The microscopy demonstrates that the structural 
defects arise in such hairs necessarily.  

Hairs that have sharply (90-180o) changed growth 
direction (Figure 2d, e) often show deformations at the 
bending site. In figure 2d, a protrusion at a 180o bend is 
shown (labeled 1) mimicking the mechanism for hair tip 
growth (2 in Figure 2d. The structural research 

demonstrates (Figure 2d) that the defects apparent in 
cotton hairs are mainly related to the places of their 
zigzag-like bends. We propose that the cause of the 
formation of defects in cotton fibers is the same: the local 
extrusion of a cell wall (at the bending site) is due to an 
increase in its plasticity. The size and form of an 
extrusion depends on the duration of the development of 
the extrusion and the stage at which it forms. It appears 
that all deformations described that occur during cotton 
hair growth can be reduced to two types: 1. thin filament 
and 2. fibers with dowel-like extrusions. The mechanisms 
of origin of these two types of defects are different. 

Thin filament occurs as a result of a disturbance of the 
natural process of smoothening that normalizes the fibers’ 
appearance. This process includes cell wall thickening 
and leveling of protrusions. Cotton fiber growth appears 
to be a pulsing process. Each pulse is accompanied by the 
formation of a band of transverse spiral-like microfibrils. 
In normal hairs pulse-related bulges disappear while the 
cell wall is thickening. However, in some cases, this 
thickening does not occur, most frequently in Kizil-Ravat, 
and a thin filament fiber as shown in Figure 2f is the 
result. The diameter of such fibers is usually half to a 
quarter that of normally developed ones.  

 Dowel-like extrusions form in a different way. In places 
of sharp bending with the growth direction changing by 
90o and greater, including total folding, significant 
pressure changes occur. Pressure increases along the path 
of cytoplasmic streaming is linked to deviations of linear 
movement. In the apex of hairs as well as in the tip of a 
sharp bending point, where resistance increases (by some 
order), cytoplasmic streaming has a turbulent character. 
As a consequence, cytoplasmic particles preferably knock 
against the tips contributing to either tip growth or spur 
formation. Furthermore, at some distance from the tip or 
bend, the pressure in the moving cytoplasm sharply 
decreases to values required for overcoming the forces of 
frictional resistance. As a result of these two mechanisms, 
the plasticity at the tips significantly increases. If such cell 
wall protrusions occur during early stages of hair 
development the protrusion may indefinitely elongate 
resulting in a bifurcated hair. Such a bifurcated hair does 
not contain internal walls, that is, it remains unicellular. 

CONCLUSIONS 
In conclusion, fiber defects found in cultivated cotton are 
a consequence of the high fiber content of these varieties 
and the resulting need for densely folded packaging.  It 
seems to be a price that has to be paid for increasing 
yield. 
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Fabric hand is the most important parameter related 
to the textiles intended to judge the apparel quality. 
Fabric hand value influences customer inclination 
towards the material and usefulness of the product 
and it has direct impact on the selling ability of the 
apparel. This fabric characteristic is very important 
to the fabric manufacturers, garment designers, and 
merchandisers on the selection of the fabric and 
product development (Kim & Slaten, 1999). The 
meaning of the fabric handle value is that the 
subjective quantification of the textile materials 
which can be perceived by touching the materials. 
But if the fabric handle value is measured with the 
help any objective measurement then it will be 
more commercially significant (Mahar & Postle, 
1989).    
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 1. Schematic diagram of computerized fabric 
feel tester 

 
Objective assessment has a different primary goal: 
it is to predict fabric hand by testing relationships 
between sensory reactions and instrumental data. 
Methods include the Kawabata Evaluation System 
for fabrics (KES-F) and the Fabric Assurance by 
Simple Testing (FAST) measure almost similar 
parameters using different instrumental methods. 
Additional techniques consist of the ring or slot 
tester, which tests are less accurate but faster and 

cheaper to handle. These methods have not been 
commonly used in the textile and clothing industry. 
Even today, most of the apparel business depends 
on the subjective evaluation to assess fabric handle 
or feel. The main reason for this situation is the 
repetitive and lengthy process of measurement, 
complexity and the lack of knowledge for a good 
interpretation of the test results of existing 
instruments (Mmakinam & Meinanader). Ishtiaque 
et al. [2003] studied a simple nozzle extraction 
method for measuring objectively the fabric handle 
has been used. Their method was based on the use 
of a simple attachment fitted to a tensile testing 
machine and measured the force generated while 
extracting a circular fabric specimen through a 
nozzle.  
 
The present paper deals with a detailed study on 
fabric handle characteristics using extraction 
principle. A nozzle extraction method for objective 
measurement of fabric handle characteristics has 
been designed and developed (Fig. 1).  
                                                                                                                                                 

 
Fig. 2. Force vs. displacement curve 

 
 
 
This instrument measures the force exerted by the 
fabric being drawn out of the nozzle on the 
periphery of the nozzle. This force, called the radial 
force, is a measure of certain physical 
characteristics of the fabric (like bending, shear 
etc.) those determine the fabric hand. The 
instrument also measures the force required to 
extract the fabric through the nozzle. The extraction 
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and radial forces are plotted in real time (Fig.2).  
Different varieties of fabric samples have been 
sourced from industry and categorized them into 
suiting and shirting fabrics. Very good correlations 
were observed between subjective fabric hand feel 
and the extraction and radial forces. The fabric 
samples were also tested in KESF system. An 
attempt has been made to predict the shear force, 
bending rigidity, compression energy and mass per 
unit area by using Artificial Neural Network 
(ANN). It has been observed that there are very 
good correlations between the extraction force 
values and various fabric physical parameters. The 
fabric extraction forces obtained through nozzle 
extraction instrument are well enough to predict 
fabric handle or feel value. 
 
 
Keywords: Bending, Compression, Nozzle 
extraction, Fabric handle, Extraction force, Shear 
force 
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INTRODUCTION 
Heterocyclic aramid is a series aromatic polyamide 
contains heterocyclic groups in the molecular chain. 
Fibers made from it are important materials with excellent 
mechanical properties, thermal stability and flame 
resistance. Tensile strength of these heterocyclic aramid 
fibers is up to 5.0GPa. Decomposition temperature of 
heterocyclic aramid fibers is around 550-600 ℃. LOI value 
of it is 38-42%. Heterocyclic aramid fibers reinforced 
polymer composite has become the key advanced 
composite for its excellent properties. Such composite 
was mainly used in the military and aviation field. [1-2] 
The heterocyclic aramid fiber discussed in this paper is of 
the molecular formula as follow: 

NHNH

NH

N
CNH NHOC CO

m
CO

n
CO

 
The molecular structure of above polymer consist two 
kinds of chains. One is as same as that of p-aramid (the 
chemical structure of PPTA fibers), so we called it PPTA 
chain. Another containing imidazole group was called 
heterocyclic chain.  
Understanding the thermal degradation process of 
heterocyclic aramid fiber in high temperature is useful to 
preparation and application of this fibers. 
 
APPROACH 
The heterocyclic aramid spinning dope were made via 
low-temperature copolycondensation from p-phenylene 
diamine(PPDA), terephthalyl Chloride(TPC) and 5(6)-
amino-2-(4-amino-phenyl) benzimidazole (DAPBI) in 
DMAc/CaCl2 . The inherent viscosity of the polymer was 
4.62dL/g. The spinning dope can be spinned directly to 
prepare heterocyclic aramid fiber by wet spinning.  
TGA-DTA/MS experiments were carried out in STA449C 
thermogravimetric analyzer (Netzsch, Germany) coupled 
to a mass spectrometer (ThermoStarTM, Balzers 
Instruments, Liechstenstein. 
FTIR spectra were obtained in a Nexus-670 FTIR-Raman 
spectrometer with OMNI-sampler in the range of 4000-
400cm-1 and a resolution of 4cm-1. 
 
RESULTS AND DISCUSSION 
Fig.1 showed TGA-DTA/MS analysis results. The TG 
curve first exhibits that there was a relatively larger 
weight loss represented the absorbed water and solvent 
being accompanied by a slight endothermal effect with 
DTA curve. Moreover, this figure illustrated that the 
thermal degradation was happened between 508.2-663.2
℃ . The weightlessness of heterocyclic aramid fibers 

 
Fig.1 TGA/DTA/MS results of heterocyclic aramid fiber  
under air was one step reaction (without regarding the 
weight loss of fiber interior water and solvent volatilize). 
The temperature of maximum degradation rate appeared 
at 602.2℃ . Simultaneous TG/DTA measurement of it 
showed that main thermal degradation step is exothermic 
in air. The curve became flatten after 680℃. At 1000℃, 
the mass loss of heterocyclic fiber is 97.64%. These 



illustrated that the heterocyclic aramid fiber has excellent 
heat-resistant properties.  
Over 30 channels of mass spectrum were set in advance 
according to our previous work[3]. The counterparts in 

MS are H2O+, +, +, 
N +, 

O

N

+ around 550 ℃ and the NH3
+ around 570 ℃, 

NH2 +, NO2
+, +, O

N

+around 650 ℃ 
and CO2

+ around 670 ℃. 
During the process of heating, the color of the fiber 
changed a lot. The color of the untreated fiber was golden 
yellow. With the rising of treated temperature, the color 
gradually becomes deeper and deeper, from golden 
yellow to brown and then become dark brown, and finally 
turned black. It can be seen in the Fig.2 that FTIR spectra 
of fibers treated under 600 ℃ were almost the same. 
However, when the temperature reached 650 ℃, the 
absorption band of –CN stretching appeared around 
2220cm-1, indicating the fracture of amide bands. 
Meanwhile, C=N stretching on the imidazole ring around 
1644cm-1 disappeared which indicated the ring-opening 
reaction of the imidazole ring and the degradation of the 
heterocyclic chains. At 700 ℃, all the amide groups were 
disappeared as well as other remain peaks in the 
spectrum, the dehydrogenation reaction of  
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Fig.2. FTIR spectra of heterocyclic aramid fiber and its 

solid decomposition products 

the polymer had taken place and eventually led to the 
carbonization of the fiber. 
From the results presented above, the mechanism of the 
degradation process was suggested below. When the fiber 
was heated beyond 550 ℃ , the relative weak bonds 
between the PPTA chain and heterocyclic chain were 
initially break, which destroyed the steady chain 
structures and escaped the crystal water. Then the C=N
C-N bonds in heterocyclic chains and the C=O bonds in 
PPTA chains began to break. Meanwhile, the free radicals 
appeared to reorganize or continually pyrolysis to produce 
the smaller molecules. The hydrolysis reactions would 
take place owing to the appearance of water which would 
accelerate the thermal degradation[4]. Once the 
intramolecularly pyrolysis happened, the oxidation would 
be largely increased and produced more micro molecule 
oxidates. When the temperature increased to 670℃, the 
fiber started to combust and the carbon element in the 
benzene ring would produce CO2 , then the heterocyclic 
aramid fiber lost weight rapidly[5].  
 
CONCLUSIONS 
In this paper, the volatilize products and solid 
decomposition products during the thermal degradation 
process of heterocyclic aramid fibers were studied using 
thermogravimetric/ mass spectrometer (TGA-DTA/MS) 
and FTIR respectively. Combining the results of two 
measurements, the probably thermal degradation process 
of heterocyclic was described. 
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INTRODUCTION 
In this study, a modified low torque ring spinning 
system developed by our research team [1,2] is 
introduced, in which a false twisting device is 
incorporated into an existing ring frame, as shown 
in Figure 1.  
 

False twisting 
device

Front 
rollers

Traveler

Yarn 
guide

Ring 
spindle

 
 
Figure 1. A low torque ring spinning system 

 
Our previous studies [3-4] demonstrated that the 
low torque spinning technique has been 
successfully used for the production of coarse 
cotton yarns, with great advantages in terms of 
yarn and fabric performance. Structure analysis 
showed that the low torque coarse yarns possess 
unique internal structure [5-7].   
 
Recent studies [8] revealed that the low torque 
spinning technique can be further applied on finer 
cotton yarns with machine modifications. The finer 
low torque ring yarns have great advantages in 
terms of yarn tenacity and hairiness when 
compared with the conventional yarns. Therefore 
in this paper, both physical and structural 
properties of the finer low torque ring yarns are 
examined with the tracer fiber and microtome cross 
section techniques and the results are analyzed and 
compared with the conventional yarns.  
 
APPROACH 
In this experiment, a spinning machine Zinser 351 
with the installation of the false twisting device 
was used for the production of cotton and Tencel 
samples of 80Ne conventional (CN) and low torque 
ring yarns (LT) at a twist multiplier of 3.6 and a 
spindle speed of 19,300 rpm. The Tencel fiber has 
a linear density of 1.5 Denier, 38mm in length and 
12.08um in diameter. The specifications of cotton 
fiber are shown in Table I.  

 Table I.  Specifications of cotton fiber 
Fiber 
length 
(inch) 

Fiber  
strength             
(g/tex) 

Micronaire     
Value 

Evenness 
(CVm %) 

1.475 32.50 4.25 4.32 
 
A continuous measurement system developed in 
our lab [7] and microscope were used to capture 
tracer fibre and cross-sectional images and study 
internal structure of the ring and low torque yarns. 
Thirty samples with tracer fibres and ten cross 
section specimens were processed, respectively.  
 
RESULTS AND DISCUSSIONS 
Yarn properties 
Table II shows the comparison of yarn property 
between the CN and LT yarns. Here, yarn snarling 
is the number of wet yarn snarls per 25cm tested by 
a yarn snarl testing apparatus [9,10].  
 
Table II.  The comparison of yarn properties 

Yarn 
Type 

Tenacity 
(cN/tex) 

Hairiness 
(S3/ 

100m) 

Snarling   
(turns/ 
25cm) 

CV 
(%) 

CN 22.6 244.0 119.3 14.79 
LT 27.4 44.7 109.7 15.49 

 
It is clear that the LT yarns have much better yarn 
tenacity than the CN yarns, increased by over 20%. 
The hairiness of the LT yarns greatly reduced from 
244 to 44.7, with an improvement of around 82%. 
The yarn snarling of the LT yarns was slightly 
reduced by 8.8%. However, the evenness of the LT 
yarns became slightly worse by 4.5%.   
 
Fiber configuration 
Figure 2 shows fiber configurations in the CN and 
LT yarns. In Figure 2(a), the fibers follow almost a 
helical path with regular pitch and travel on the 
yarn surface. Another sample of fiber configuration 
of CN yarn is illustrated in Figure 2(b), which 
shows that the fibers migrate approximately in the 
form of conical helices.  Experimental results 
reveal that about 73% of tracer fibers possess a 
conical helical configuration similar to the type 
two, while about 27% of tracer fibers follow a 
helical configuration, showed in Figure 2(a).  
 
 



Fiber 3D 

configurationAn ideal helix 

on yarn surface

Fiber 3D 

configuration

An ideal helix 

on yarn surface

Fiber 3D 

configuration

An ideal helix 

on yarn surface

  
(a) CN Type one   (b) CN Type two           (c) LT 

Figure 2. Fiber configuration in CN yarn (a) and 
(b) and LT yarn (c)

As shown in Figure 2(c), the fiber in LT yarn 
shows a special configuration. Unlike fibers in CN
yarn, it does not follow a concentric helical path,
but a much more complex path.  Thus in the 
following section, migration parameters developed 
by Hearl [11] were used to analyze the structural
differences between the CN and LT yarn.   

Analysis of migration behavior 

Figure 3 illustrates characteristics of migration in 
the CN and LT yarns. In Figure 3, the mean 
position and amplitude of migration of the fibers in 
LT yarn is lower and higher than that in CN yarn,
respectively. Also from Figure 3, it is clear that the 
fibers in LT yarn possess relatively higher 
migration frequency and intensity than that in CN 
yarn. It indicates that the fibers in LT yarn 
distribute relatively closer to yarn center and 
change the radial position frequently with 
relatively greater migration amplitude, which 
contributes to the enhancement of tenacity of L 
yarn. 

Figure 3. Characteristics of migration of the CN 
and LT yarns

Analysis of cross-section

Figure 4 demonstrates the packing density of the
CN and LT yarns based on the cross section 
images. It apparently shows that the LT yarn has a 
relatively higher packing density than the CN yarn, 
which indicates that the LT yarn possesses a more 

compact structure, contributing to the increase of 
yarn tenacity. 

 
Figure 4. Packing density of the CN and LT yarns 

CONCLUSIONS 
In this study, it can be concluded that most of the 
fibers in the LT yarn follow a unique path and are 
distributed closer to yarn centre with larger
migration frequency and higher migration 
amplitude. These structural characteristics 
experimentally explored the improvement 
mechanism of yarn physical properties of the 
modified finer low torque ring yarns. 
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INTRODUCTION 
The needlepunched nonwoven materials are prepared by 
mechanical interlocking of a plurality of layered sheet of 
fibers using a set of barbed needles. They are used in 
many products designed for numerous applications 
including fibrous composites for civil engineering and 
geotechnical applications, air and liquid filters for 
industrial separation processes, liquid absorbents for 
consumer and industrial applications, thermal insulators 
for building, to name a few. Their mechanical properties 
are always considered technically as one of the important 
properties as they contribute not only to their behavior 
during downstream processing but also to the 
performance of the final products during applications. The 
mechanical properties are primarily determined by the 
constituent fibre characteristics and the internal structure 
of the nonwovens. The latter is usually described in terms 
of fibre packing arrangement and fibre directional 
arrangement. The directional arrangement of fibers is 
often termed as fiber orientation. The anisotropy of fibre 
orientation in needlepunched nonwovens is practically 
characterized by the ratio of the tensile strength in the 
cross-machine direction to that in the cross-machine 
direction. Of course, the anisotropy in tensile strength is 
taken as a rough estimation of the anisotropy in fibre 
orientation; a more precise estimation of anisotropy of 
fibre orientation has been a requirement for the 
needlepunched nonwovens for many years. Further, the 
mechanical anisotropy is not yet quantified in terms of the 
directional anisotropy in the case of needlepunched 
nonwovens.  
In this work, a series of needlepunched nonwovens was 
prepared by using viscose fibers and the orientation of the 
fibers was measured by using image analysis technique. 
The fibre orientation distributions were compared with a a 
mathematical model of fiber orientation and a parameter 
characterizing the anisotropy of fiber orientation in 
needlepunched nonwovens was obtained. These 
nonwovens were further tested for their tensile strength 
and the results were discussed in terms of anisotropy of 
fibre orientation. An attempt was also made to quantify 
the fibre orientation induced mechanical anisotropy in 
needlepunched nonwovens.  
 
MATERIALS AND METHODS 
This work utilized viscose staple fibers of 44 mm cut 
length and 1.5 denier linear density. It employed opening, 
roller carding, cross-lapping, and needlepunching 
technology to prepare needlepunched nonwovens. While 

preparing nonwovens, a small proportion (3% by weight) 
of red colored tracer fibers were introduced with the 
remaining white viscose fibers during the opening of 
fibers. The basis weight of the carded webs and the 
number of layers of these webs were varied in order to 
prepare a series of nonwovens with almost same basis 
weight. The other process conditions were kept identical 
during the preparation of the nonwovens. The 
constructional details of these nonwovens are listed in 
Table 1.  
The orientation of fibers in these nonwovens was 
evaluated as mentioned hereunder. The nonwovens were 
immersed in a liquid solution (methyl-silicate) that has the 
same refractive index as that of the fibres (viscose). When 
these nonwovens were examined under a light 
microscope, the white viscose fibres almost disappeared 
from the view leaving the path of each red colored tracer 
fiber optically completely visible. This tracer fibre 
technique was introduced by Morton and Yen [1] for 
studying the path of fibers in yarns and subsequently used 
nonwovens by Neckář [2] to study the path of fibers in 
nonwovens. The curvature of the fibers was observed by 
means of an image analysis system, where the images of 
the fibers were digitized in the form of coordinates of 
many points. The observed fibers were then divided into 
many short segments of 1 mm length and the inclination 
of these segments from the cross-machine direction of the 
nonwovens was determined. In this way, the direction of 
five hundred fiber segments were determined and 
transferred to respective class interval, where the width of 
a class was chosen as five degree. In this way, the 
frequency distribution of fibre orientation in the 
nonwovens was obtained.  
The aforesaid nonwovens were also tested for their tensile 
strength along the machine direction and the cross-
machine directions by using Instron Universal Tester in 
accordance with ASTM D5034-99 standard [3]. The 
gauge length was kept at 75 mm and the testing speed was 
chosen as 5 mm/s.  
 
RESULTS AND DISCUSSION 
As stated above, the frequency distribution of fiber 
orientation in the nonwovens was determined and the 
histogram of fiber orientation was obtained. The 
histograms of fibre orientation were compared with the 
following theoretical expression  

( ) ( ) ( )2 2 2

1
1 cos

f 
ψ =

π  −  − ψ − α

  



where f(ψ) denotes the probability density function of 
orientation of fibers inclined at angle ψ taken from the 
cross-machine direction of the nonwovens,  refers to a 

parameter characterizing the anisotropy of fiber 
orientation, and α indicates the preferential angle of 
inclination of fibers from the cross-machine direction of 
the nonwovens [2]. It can be noted here that for purely 
random (isotropic) orientation of fibers the value of  is 
equal to one. Also, it can be noted that the higher is the 
value of  the higher is the anisotropy of fiber orientation. 
By using standard non-linear regression technique the 
numerical values of  and α were obtained for different 
nonwovens. When these values substituted  and α in the 
aforesaid equation the probability density function of 
orientation of fibers in the nonwovens was obtained. The 
behaviour of this function along with the histogram of 
fiber orientation in one of the samples is displayed in 
Figure 1. Evidently, the experimental results 
corresponded with the theoretical results satisfactorily. 
This was also true with the other nonwovens studied in 
this work.  
As stated earlier, these nonwovens were also tested for 
their tensile strength. When the tensile strength in the 
cross-machine direction was divided by that in the 
machine direction, the anisotropy in tensile strength of the 
nonwovens was obtained. This was compared with the 
anisotropy in fiber orientation. It was found that the 
higher was the fibre directional anisotropy, the higher was 
the anisotropy in tensile strength. The coefficient of 
correlation between the fiber orientation anisotropy and 
tensile strength anisotropy was determined as 0.9963. 
This inferred that the tensile strength anisotropy in the 
needlepunched nonwovens could be explained by the 
fiber orientation anisotropy very well. Further, the 
strength of the nonwovens in the cross-machine direction 
was divided by the strength of all the fibres constituting 
the nonwovens and this ratio was termed as strength 

utilization coefficient. Figure 2 displays the behaviour of 
this ratio against the anisotropy of fibre orientation. It can 
be observed as the anisotropy in fibre orientation was 
increased the strength utilization coefficient of the 
nonwovens was also increased and this relationship was 
found to be non-linear. Nevertheless, the strength 
utilization coefficient was not found to be very high in 
case of needlepunched nonwovens studied in this work.  

CONCLUSION 
In this work, the fibre orientation in needlepunched 
nonwoven was determined and its effect on the tensile 
strength of the nonwovens was examined. The fiber 
orientation distribution in the needlepunched nonwovens 
was explained in light of a mathematical model and a 
parameter characterizing the anisotropy of fiber 
orientation was obtained. This parameter was found to be 
highly correlated with the anisotropy in tensile strength of 
the nonwovens. Further, the anisotropy of fibre 
orientation resulted in higher strength utilization of the 
nonwovens and this relationship was found to be non-
linear. 
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Figure 1 Plot of fiber orientation histogram and 
corresponding probability density function of fiber 
orientation 
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STATEMENT OF PURPOSE/OBJECTIVE 
The objective of this presentation is to demonstrate the 
possibilities, advantages and limitations of AFM for the 
characterization of recently developed fibers [1, 2] and 
functional(ized) surfaces [3-5].  
 
INTRODUCTION 
Atomic force microscopy (AFM) has become a versatile 
technique to probe topography and interfacial properties 
as well as to manipulate structures on the nanoscale. 
Concerning imaging, the major progress has occurred in 
the ability of AFM to analyze surface structures non-
destructively and in a physically relevant environment. 
Concerning properties, AFM has become a unique 
technique in probing local adhesion, friction, elastic 
response, morphology and electromagnetic properties of 
various materials. Natural and synthetic fibers exhibit a 
huge diversity regarding their dimension, structure and 
physical-chemical properties. The wanted properties of  
textiles are adjusted by directed selection, development 
and processing of fiber material. Hence, the application of 
AFM for the characterization of fibers regarding their 
topography, material distribution, surface potential, 
adhesion, elastic properties and for the evaluation of 
manufacturing- and modification processes is invaluable. 
In order to underline this fact, the significance of AFM is 
demonstrated with five examples of manufacturing and 
surface modification techniques: melt-spinning of 
bicomponent fibers, plasma-technological deposition of 
nanoparticles and thin films, wet-chemical 
functionalization of silver, spin-coating of functional 
polymers and electrospinning of nanofibers. 
 
APPROACH 
The following modes of the AFM were used to extract the 
relevant information: contact-, dynamic-, Kelvin- and 
spectroscopy mode. Five different systems are presented: 
biodegradable bicomponent fibers of renewable sources 
with core/sheath configuration (1), silver containing 
plasma polymer nanocomposites (2), thiolated carborane 
functionalized Ag surfaces (3), thermoresponsive thin 
films of poly(vinyl methyl ether) (4) and fiber-reinforced 
nanofibers (5). Experiments depending on temperature 
and relative humidity were performed in a climatic 
chamber with the AFM deposited inside. More detailed 
information is provided in the next section together with 
the results and discussion. 
 

RESULTS AND DISCUSSION 
Bicomponent fibers from polylactic acid (PLA) and 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) 
[2]  
Atomic force microscope (AFM) analysis on the surface 
of an undrawn and a fully drawn PLA fiber demonstrated 
that with increasing draw ratio crystalline regions were 
formed. PHBV as sheath material yielded crystallites with 
diameters of 500-1000 nm and micron-sized fibrillar 
structures (periodicity ~ 3.5 µm) parallel to the fiber axis, 
whereas PLA as sheath material formed structures with 
periodicities of 350-440 nm perpendicular to the fiber 
axis. With PHBV being the core material, the micron-
sized periodicity of PHBV was maintained. 
 
Surface topography, morphology and functionality of 
silver containing plasma polymer nanocomposites 
[3] Controlling the design and the properties of nanoscale 
functional films is a challenging field. Therefore, surface 
topography of plasma polymer nanocomposites deposited 
by simultaneous plasma polymerization and co-sputtering 
was characterized using the AFM. The amount and the 
size distribution of the Ag nanoparticles show strong 
correlation to the process parameters power input and gas 
composition. The distribution and the availability of the 
Ag nanoparticles could be adjusted through the monomer 
gas flow rate changing the integration of the particles.  

Tuning the surface potential of Ag surfaces by 
chemisorption of oppositely-oriented thiolated 
carborane dipoles [4] 
Two selected carboranethiol isomers were used to modify 
flat silver surfaces. Both isomers, 1,2-(HS) 2 –1, 2-C 2 B 
10 H 10 (a) and 9,12-(HS) 2 –1,2-C 2 B 10 H 10 (b), are 
relatively strong dipoles with two SH groups per 
molecule. They are both anchored to the surface via two 
SH groups per molecule. Topography and surface 
potential changes of the modified silver surfaces were 
studied using Scanning Kelvin Probe Force Microscopy 
(SKPFM). These measurements proved that both isomers 
are oppositely oriented on the surface. The former isomer 
increases, and the latter one decreases the surface 
potential of a modified silver film. The relative changes of 
the surface potential correlate well with the dipole 
moments of the isomers. Competitive chemisorption from 
a 1:1 mixture of both isomers shows that the isomer (a) is 
found in a significantly higher concentration on the 
surface than the isomer (b). This has been proved by both 
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SKPFM (see Fig. 1) and X-ray photoelectron 
spectroscopy (XPS) techniques. Additionally, contact 
angle measurements were carried out to characterize the 
modified surfaces, and these and XPS results show the 
presence of hydrophobic hydrocarbon contaminants. 
 

 
 
Fig. 1: Topography (on the left) and surface potential χ image 
(on the right) of a silver surface modified with the 1:1 mixture of 
the two thiolated carborane isomers a) and b) (see text). 
 
Monitoring the hygrothermal response of poly(vinyl 
methyl ether) submicron films using AFM [5] 
Films with submicron thickness of the thermoresponsive 
polymer poly(vinyl methyl ether) (PVME) are prepared 
by spin-coating and measured with AFM. The change of 
film thickness, work of adhesion  (WOA), and modulus of 
elasticity (MOE) are monitored below and above the 
lower critical solution temperature (LCST) in controlled 
atmosphere. The film thickness decreases above the LCST 
at high relative humidity, but not at low humidity. 
Simultaneously, the MOE increases by 3 orders of 
magnitude due to conformational transition. The WOA 
shows a hysteretic behavior due to changes in surface 
wettability and film compressive strength. Hygrothermal 
cycling is found to facilitate the relaxation of initially 
arrested entanglements. The proposed hypothesis of 
hygrothermally induced partial disentanglement is further 
supported with cyclic DSC measurements of concentrated 
aqueous PVME solutions.  
 

 
 
Fig. 2: Representative force-distance curves of a PVME 
macroaggregate ((T = 40 °C, RH = 75%). 
 
 

Reinforcement of polymeric nanofibers by 
nanofibrillated cellulose [1] 
Polymeric nanofibers prepared by the electrostatic 
spinning technique often need adapted mechanical 
properties to fulfill the requirements for selected 
applications such as tissue engineering, filter or catalyst 
systems. Amongst others, the introduction of strongly 
interacting high strength additives into polymeric fibers is 
a promising way to achieve improved mechanical 
properties. To improve the modulus, biodegradable 
network forming nanofibrillated cellulose (NFC) was 
introduced into polyethylene oxide (PEO) fibers by the e-
spinning procedure. The influence of NFC was 
investigated with respect to relevant e-spinning process 
parameters as well as morphological and mechanical 
properties of the composite fibers produced. The 
determination of the Young’s modulus was established 
using both macro-tensile testing procedures of aligned 
nanofiber patches as well as AFM on single fibers. Highly 
filled fiber systems were obtained showing an 
enhancement of the Young’s modulus of up to ten times 
compared to pure PEO fibers. The morphological 
investigations revealed fibers with circular cross sections 
incorporating homogenously dispersed nanofibrillated 
cellulose within the polymer matrix. The introduction of 
NFC had no relevant effect on processing and the 
appearance of the fiber. 
 
CONCLUSIONS 
AFM provides quantitative information about 
morphology, particle distribution, surface potential, 
swelling and shrinkage, work of adhesion, Young 
modulus of fibers and functionalized surfaces. Hence, 
AFM is an invaluable tool for understanding 
reinforcement, thermoresponsive disentanglement, 
corrosion and functionality on the nano- and microscale. 
 
FUTURE WORK 
Combination of AFM with spectroscopic techniques such 
as Raman spectroscopy will be performed on technical 
textiles in order to obtain complementary chemical and 
physical information on functionalized fiber surfaces. 
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ABSTRACT

Textile fibers from Saccharum Officinarum, 

commonly called sugarcane are collected from 

Martinique, a French Caribbean island. Sugarcane 

presents a high fibrous potential which is found in 

the fibrous residue left from the sugar mill, the 

bagasse. Usually use as combustible to the boiler in 

the sugar mill, this renewable material can be 

transformed into a textile product, because of its 

composition: 45% of fibers, 50% of water and the 

5% of soluble and non soluble substances [1]. The 

aim of this study is to convert and characterize 

these cellulosic fibers into textile product like yarn,

considering the morphological structure. Composed 

by cellulose, hemicelluloses and lignin like 

woodfiber, the extraction of lignin can firstly be 

proceed by mechanical action following by a

chemical treatment with NaOH at different 

concentrations from 0.1N to 2N. Fibers obtained 

are characterized in order to choose the optimum 

extraction conditions. Thanks to the study of tensile 

properties, the morphological structure will help to 

the understanding of the mechanical behavior of 

fibers and yarn made.  

INTRODUCTION

The first step of the textile transformation starts in 

the sugar mill with the mechanical extraction of the 

juice. Cane stalk are crushed in a series of mills, 

with water at high temperature that extracts the 

juice, and a part of the soluble content from the 

stalk. The mechanical action breaks canes into 

small pieces and reduces the length of the bundle 

fibers fig1. The chemical composition of bagasse is 

45% of cellulose, 20% of lignin and 33% of 

hemicelluloses [2]. 

Contrary to a viscous or kraft process, which 

exclusively use the pulp of cellulose, in this study 

the lignin is removed by chemical way, considering 

the lowest degradation rate [3] of the bundle fibers. 

Indeed for textile application, fibers required have 

to be long enough to be turned into yarn. This

extraction is managed on bagasse (after mechanical 

action) by an alkaline treatment at different

concentration. Having long and strong fibers 

depends on parameters like alkaline concentration, 

temperature and time process, pressure and the use 

of ultrasonic vibratory or not.

MATERIAL AND METHOD

As natural fibers like jute or kenaf, the transversal 

cross section of fiber is irregular. Fibers by fiber are

tested to see effects of each treatment after what 

they are studied by tensile test, fineness, Scanning 

Figure 1: Wet prehydrolysed bagasse with water at 160°C
on left and its SEM picture on right
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Electron Microscope SEM, Fourier Transformation 

InfraRed FTIR, water absorption and X-ray 

diffraction.  The mechanical behavior of fibers 

depends of their morphological structure which is 

affected by the treatment. An evaluation of these 

properties should give an idea of the yarn quality

coupled with metrological tests then. For the 

mechanical behavior of fibers, tensile and bending 

properties are studied with respectively a MTS 

dynamometer and a KAWABATA pure bending 

flexion. All results are associated with the physical 

properties and the morphological structure analyzed 

with SEM and an optical microscope.

RESULTS AND DISCUSSION

The bagasse fiber fineness is determined for each 

individual fibers or bundle fibers fig 2 with 

measurement of length and weight for each of them. 

Bundle fibers are obtained with fineness from 4.4 

tex to 140 tex with a high dispersion value. The 

dispersion of these values is very high and lots of 

fibers have to be tested for statistical reason. These 

measurements are compared with results from an 

image method developed by Chiparus [4] which 

uses diameter and area of cross-section fibers by 

SEM analysis. Classes of fiber’s length are defined 

to KAWABATA test (up to 3,3 cm) and MTS test 

(up to 2,5 cm) and under 2,5cm for fatigue test.

CONCLUSION

This present work is undertaken to determine the 

feasibility of the bagasse fiber for textile 

application. With previous analysis, extraction 

conditions are optimized and fibers obtained are 

tested by mechanical trials in order to define the 

optimum fibers for a textile product. The difficulty 

is to control the repeatability of results and to have 

homogenous fibers with good mechanical 

properties. Also, to understand the fiber behavior

lots of experimentation and analysis are request

according to their morphological structure. Finally, 

the valorization of biodegradable fibers could 

encourage the textile market and promote the 

sustainable development.

KEYWORDS: sugarcane, bagasse, cellulose, 

textile, Saccharum Officinarum, characterization
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INTRODUCTION 
The air quality is deteriorating all over the world  due to 
the presence of numerous contaminants such as  dust, 
sand, lint, mist, spores, pollen, bacteria, smoke, smog, 
diesel soot, virus, carbon black, to name a few. 
Nonwoven fibrous filters are one of the popular filter 
media that are used to filter out the contaminants from air. 
In fact, the nonwoven filters account for about seventy 
percent of the filter media used today for air filtration. 
With a view to improve the filtration performance, 
mechanical stability, and cost effectiveness, a great 
portion of the nonwoven filters available today consists of 
fibres with multimodal diameter distribution. Figure 1 
displays an image of multi-component fibrous filter 
consisting of fibres of three different diameters. However, 
there are a limited number of studies reported on the 
multi-component nonwoven filter media. Clarenburg and 
Werner [1] observed much smaller pressure drop across 
the multi-component filters than the equivalent mono-
component filters showing monomodal fibre diameter 
distribution. Clarenburg and Schiereck [2] derived an 
expression for predicting the pressure drop across the 
multi-component filter and verified with the help of 
experimental results of a large number of multi-
component filter media available commercially. Very 
recently, Soliman et al. [3] observed that the multi-
component fibrous structure showing multimodal fibre 
diameter distribution had superior mechanical properties 
in comparison to a mono-component fibrous structure. 
The current study is aimed at improving our 
understanding of air permeability, filtration efficiency, 
pressure drop, and tensile strength of multi-component 
nonwoven filters suitable for air filtration. 

MATERIALS AND METHODS 
In this work, a series of multi-component nonwoven 
filters were developed by using polypropylene fibres of 
three different linear densities viz. 2.5 denier, 6 denier and 
15 denier (Table 1). The fibres were mixed in different 
proportions and processed on a laboratory based 
nonwoven line consisting of an opener, roller carding, 
cross-lapping and needle punching machines. All the 
nonwoven fabrics were produced under identical 
processing condition so as to maintain practically same 
basis weight and solid volume fraction.  

The nonwoven fabrics were tested for air permeability 
using TEXTEST FX 3300 air permeability tester. 
Samples of 5.07 cm2 area were gripped between two 
pneumatic jaws by placing rubber seals to ensure zero 
permeability towards in-plane direction. The pressure 
drop across the fabrics was maintained at 125 Pa. The 
velocity of air passing through the fabrics was measured 
and the air permeability of the fabrics was calculated by 
using Darcy's law 
Q k P
A T

∆
=


 

where Q  denotes volumetric flow rate, A  indicates area 
of the sample, k  refers to permeability of the fabric,   
represents viscosity of air, P∆  is pressure drop across the 
sample, and T  is thickness of the fabric.  

 

Figure1: Image of a multi-component filter 

Table 1: Linear density and weight percentage of 
polypropylene fibres used for preparation of samples 

Nonwoven 
Fabric 
Sample  

Weight percentage of 
polypropylene fiber  

Linear density 
2.5 

denier 
6 

denier  
15 

denier  
1 100 0 0 
2 0 100 0 
3 0 0 100 
4 90 5 5 
5 80 10 10 
6 70 15 15 
7 60 20 20 
8 50 25 25 
9 40 30 30 

10 30 35 35 
11 20 40 40 
12 10 45 45 

 



The filtration efficiency of the aforesaid nonwoven 
fabrics was determined by using an air filtration test rig 
developed in house. This test rig was equipped with two 
handheld particle counters. The samples were exposed to 
a known quantity of dust and the filtration efficiency was 
calculated by using thy following formula 

up down

up

N N
E

N
−

=  

where E  stands for filtration efficiency, upN and downN  
denotes concentration of dust particles at upstream and 
downstream sides, respectively. The dust particles of 
interest were of 1 micron diameter.  
The nonwoven fabrics were also tested for tensile strength 
on  Instron Universal Tester in accordance with ASTM 
D5034-09 standard [4]. The gauge length was maintained 
at 75 mm and the width of sample was kept at 100 mm. 
The testing speed was chosen as 5 mm/s. 
 
RESULTS AND DISCUSSION 
The multi-component nonwoven filters consisting of 
fibres exhibiting multi-modal fibre diameter distribution 
were characterized in terms of equivalent fibre diameter 
as defined below: 

( )
1

2 2

1

i n

i i
i

d d g d
=

=

 =  ∑  

where, d  denotes average equivalent fibre diameter, id  
indicates the average fibre diameter of i-th out of n 
components, and ( )ig d  refers to relative frequency of 
weight of i-th out of n components. 
Air permeability of the multi-component nonwoven filters 
was observed to increase with increase in equivalent fibre 
diameter in a non-linear manner. Further, the air 
permeability of the multi-component nonwoven filter was 
found to be higher than the mono-component nonwoven 
filter of same equivalent fibre diameter. 
Figure 2 displays the results of filtration efficiency and 
pressure drop of multi-component and mono-component 
nonwoven filters as a function of equivalent fibre 
diameter. It can be seen that filtration efficiency and 
pressure drop of the multi-component filters decreased 
with the increase in equivalent fibre diameter. Both 
filtration efficiency and pressure drop across the multi-
component filter was less as compared to those of the 
mono-component filters of same equivalent fibre 
diameter.  
Tensile strength of both multi-component and mono-
component nonwoven fabrics decreased with increase in 
equivalent fibre diameter. While comparing tensile 
strength, it was observed that the mono-component filters 
exhibited higher tensile strength than the multi-
component filters of same equivalent fibre diameter. This 
can be ascribed to possible creation of flaws in the form 
of large voids within the structure. These voids acted as 
weak spots and made the structure weak in turn.  
 

 
CONCLUSION 
The multi-component nonwoven filters exhibited higher 
air permeability than the mono-component nonwoven 
filters of same equivalent fibre diameter. Though the 
mono-component filters displayed higher filtration 
efficiency than the multi-component filters the latter 
showed less pressure drop than the former. The multi-
component nonwoven filters were found to show lower 
tensile strength than the mono-component nonwoven 
filters of same equivalent fibre diameter.  
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RESEARCH OBJECTIVES 
This research presents a novel characterization technique 
for fibrous ensembles, based on noncontact ultrasonic 
waves. The instrumental setup comprises a pair of 
ultrasonic transducers operating at 500 KHz, a signal 
generator and data acquisition systems. Ultrasound 
signals transmitted through fibrous materials were 
analyzed using feature extraction system to determine 
their low stress mechanical properties and thermal 
properties. Validation of the system was carried out using 
a custom-developed Artificial Intelligence (AI) engine.  
 
INTRODUCTION 
Fibrous materials are one of the highly complicated 
structures used in the material world where discontinuous, 
heterogeneous and porous natures are still seen as 
complex structural arrangements. Especially, "fabric 
systems" are structurally very different from other 
commonly available engineering materials. The non-
uniform, inhomogeneous structure, bulkier and easily 
compressible form of nature, different pore structures 
(fabric porosity and yarn porosity), complex 
deformations, nonlinearity, and multiphase interactions 
are some of the structural and behavioral complexities of 
the fabric material. Characterizing the mechanical and 
thermal properties of such materials is a time consuming 
process and needs a range of testing equipments. This 
research proposes a non-contact ultrasonic based 
characterization system, which can determine the key 
properties of flexible, porous materials based on their 
frequency response to high frequency acoustic signals. 
 
RESEARCH APPROACH 
Ultrasonic waves when transmitted through fibrous 
materials carry valuable information about the material 
structure and behavior. With appropriate signal 
processing techniques, the time, frequency and 
attenuation domain information are deciphered to extract 
the material properties, especially the low stress 
mechanical properties (tensile, shear, bending, 
compression & surface) and thermal conductivity of the 
material. Features extracted from the ultrasonic 
measurements describe the mechanical and thermal 
characteristics of the materials. These are then compared 
with the material properties measured from Kawabata 
Evaluation System (KES) and Thermolabo system using 

an Artificial Intelligence (AI) engine that maps the two 
systems of measurements. 
 
Instrumental Setup: For testing, ultrasonic transducers 
capable of operating at 500 KHz frequency, Panametrics 
pulser/receiver, and a data acquisition system setup was 
used (see Figure 1). Twenty samples of knitted and woven 
fabrics of size 10x10 cm were tested (ten for each fabric 
kind) on direct transmission mode using the ultrasonic 
system. A reference signal was obtained from the 
transducer without a sample to measure the transmission 
properties of the air medium. Figure 2 shows a typical 
ultrasonic signal of a woven fabric and air medium as 
received by the receiver transducer. 
 

 
 

FIGURE 1. Schematic Representation of Ultrasonic Testing 
Instrumental Setup 
 
From the received ultrasonic signals, velocity of sound 
through the fabric, signal power and rate of attenuation 
measurements were extracted using the Matlab digital 
signal processing tools (refer Table I).  
 
Feature Extraction: Ultrasonic wave velocity [1] 
through a fabric is given by Eq. (1), 

      (1) 

 
where, is the material thickness,  is the time of 
flight in air corresponding to , given 



as , is the time of flight in air, 

and is the time of flight in air + material. Signal power 
is calculated from the received spike signal, where the 
total energy of the signal is given by Eq. (2), 

    (2) 

The attenuation rate is measured as the slope of a straight 
line joining the peak amplitude points of the transmitted 
signal fitted to first order polynomial distribution (see 
Figure 3) [2].  
 

 
FIGURE 2. Ultrasonic Spike Signals Transmitted Through a Woven 
Fabric Sample and Air (latter without a sample) 

 
FIGURE 3. Attenuation rate is measured by the slope of the line fitted to 
the oscillation envelope (represented by the black dots) 
 
TABLE I. Type of Feature Extractions from the Ultrasonic 
Measurements 
 
Domain of Analysis Measured Parameters 

Time domain Time of flight and velocity of 
signal 

Attenuation domain Signal power and attenuation rate 

 
AI Mapping: The ultrasonic measurements of sound 
velocity, signal power and attenuation rate are taken as 
the input parameters and mapped with each of the 
seventeen fabric performance properties i.e. 16 KES 

measurements and thermal conductivity. Similarly, the 
material structural properties (yarn and fabric parameters; 
a total of 7 parameters) were mapped with each of the 
performance properties. The Adaptive Neuro-Fuzzy 
Inference System (ANFIS) is used as an AI mapping tool 
for nonlinear correlation analysis. 
 
RESULTS AND DISCUSSIONS 
The ultrasonic measurements show very good correlation 
with fabric performance properties with an ANFIS 
mapping R-square value of around 0.97 in both woven 
and knitted fabric samples. Comparing the seven fabric 
structural properties ANFIS mapping average R-square 
value of 0.85, the three ultrasonic measurements show 
better prediction rates. Figure 3 presents the R-square plot 
for woven fabrics’ warp direction ANFIS mapping. 
  
CONCLUSIONS 
This nondestructive, noncontact ultrasonic testing shows a 
potential technique of ultrasonic towards advanced 
analysis of fibrous materials viable for multipurpose 
instrumentation facility. The ultrasonic velocity and 
attenuation properties have exhibited reasonably good 
correlation with fabric performance properties compared 
to the correlation between fabric performance and 
structural properties (see Figure 4 for a typical correlation 
plot). The ultrasonic characterization technique has 
significant commercial applications for flexible porous 
material analysis due to its simple measurement mode, 
reasonably broad area of analysis, portability and 
relatively low cost compared to the existing testing 
instruments. 

 
FIGURE 4. : R-square plot for ANFIS Mapping for Woven Samples 
Warp Direction. Each ultrasonic feature exhibited higher correlation 
with the Kawabata properties when compared to the correlation between 
the structural properties and the Kawabata properties 
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INTRODUCTION 
We describe fabrication of microfibers by using polymers 
and microgels as building blocks. The properties of 
composite fibers such as water uptake, swelling degree 
can be easily tuned by variation of polymer/microgel 
ratio. The incorporation of stimuli-sensitive microgels 
into fibers provides a unique possibility to load fibers 
with active ingredients that can be released in controlled 
way. Obtained fibers could find interesting applications, 
especially in medicine as bandages and patches or as 
sutures and implant coatings.   
 
APPROACH 
We used electrospinning for the fiber fabrication, because 
it is an easy and elegant way to make fibers with 
diameters of some hundred nm. PVA was selected as the 
polymer for fibers, because it is well known and often 
used in the electrospinning process, so that there is a lot of 
experience to revert to. In addition to that, PVA is elastic, 
cheap and biocompatible [1]. The electrospinning process 
has many different parameters like: voltage, target 
distance, needle diameter or flow rate. Very important for 
the present system is the viscosity because the microgels 
are deformable and they can swell or deswell due to 
temperature changes or mechanical deformation. In order 
to achieve good results the dependencies of these 
parameters on the fiber formation and properties had to be 
analyzed.  
The microgels considered in this work are based on Poly 
(N-vinylcaprolactam) (PVCL) and acetoacetoxyethyl 
methacrylate (AAEM), furthermore a small amount of 2-
Hydroxyethyl acrylate (HEA) is added. The microgels are 
synthesized by precipitation polymerization. PVCL is the 
thermo-sensitive part of the microgel with a VPTT of 32 
°C [2] and shows a good biocompatibility [3]. AAEM and 
HEA are both mainly added to incorporate functional 
groups in the microgels for post reaction modifications 
[4]. 
All syntheses, solution preparations and experiments were 
performed in water as the solvent. Using water instead of 
other solvents ensures that no complicated cleaning 
processes are needed for later biological or medical 
applications. 
The produced fibers have been analyzed by SEM, DSC, 
TGA, water sorption analysis and biocompatibility tests. 
 
RESULTS AND DISCUSSION 
Fiber fabrication Without polymer microgels will form 
no fibers at all. They do not have the required chain 
length at their surface to entangle like polymers do during 

the fiber formation process. To form fibers the polymer 
has to act as connector between the microgels. Thus it can 
be seen that with increasing polymer concentration the 
microgel beads get connected and start to form fiber-like 
structures. In the sample shown in Figure 1A a 
MG:polymer ratio of 70:30 wt% was adjusted and 
homogenous composite fibers are formed. After the 
optimization tests it is evident that the best set of 
parameters are a flow rate of 1 ml/h, an electric field force 
of 30 kV, a target distance of 16 cm and a cannula with a 
diameter of 0.4 mm. 
 

 
Figure 1: Microgel-based fiber (A), inner structure of 
the fiber (B) 

Fiber morphology The fiber morphology is dependent 
on the microgel:polymer ratio. Pure PVA fibers are well 
known and have a smooth surface. In the microgel-based 
fibers the microgels are homogeneously distributed in the 
PVA matrix as shown in Figure 1A. Because of this, the 
fiber surface is rough and not smooth as a usual PVA-
fiber. The ratio of [70:30] is ideal for the microgel-based 
fibers with PVA. Homogeneous, defect-free and 
continuous fibers can be achieved. At compositions with a 
higher polymer content fibers were obtained but the 
distribution of the microgels was not homogeneous.  
The inner structure of the microgel-based fibers, which is 
to see in Figure 1B, indicates clearly that microgels are 
localized not only on the fiber surface but also in the 
interior. This is a typical structure for a system with 
binodal segregation. 

 
Fiber crosslinking The fibers after electrospinning 
process are not stable in aqueous environment  due to the 
good water-solubility of PVA and microgels.. After 
immersion in water the PVA is gone and the microgel 
particles are lying on the surface of the sample holder 
(Figure 2B). A combination of crosslinking of the PVA 
with the particles via UV (4h) and crystallization of the 
PVA matrix (10 min, 155°C) prevents the fibers from 
disintegration. Figure 2A shows cross-linked fibers after 



48h immersion in water. In this case only fiber swelling 
can be observed but fibers are not destroyed.  
 

 
 
 
 
Fiber analysis TGA measurements were done to analyze 
the degree of swelling. The microgel-based fibers have a 
higher degree of swelling at 20°C compared to both PVA 
and microgels. The increase of microgel content in the 
fibers increases the degree of swelling. 
The Volume Phase Transition Temperature (VPTT) was 
measured by DSC. The measurements show that the 
microgels, even inside of the fibers, still can swell and 
deswell at the VPTT.  
Moisture sorption analysis was done to analyze the 
diffusion kinetics for absorption and desorption 
depending on the relative humidity at different 
temperatures. The water diffusion is faster in the 
microgel-based fibers. This is due to the hydrophilic 
microgels and the free space around the particles, which 
gets bigger when they are in collapsed state (50 °C). The 
saturation with water slows the diffusion down, only 
when the swollen and softened fibers rearrange their inner 
structure there is a short increase. The desorption shows a 
even higher difference between 25 °C and 50 °C, because 
the microgels are repelling the water in more hydrophobic 
shrunken state.  
 
CONCLUSION 
We were able to create homogenous microgel/polymer 
composite fibers with defined dimensions and 
morphology. The inner structure is identified as a polymer 
matrix containing microgel particles. Furthermore the 
electrospinning process and solution parameters were 
examined to define an ideal set of parameters for this kind 
of fibers. The TGA measurements showed an increase of 
the degree of swelling for the new composite fibers 
compared to usual PVA fibers. Furthermore, the TGA 
results showed that the thermo-sensitive behavior of the 
microgels is still active inside the fibers. This is also 
proven by DSC and the water sorption analysis. The 
analysis of the water sorption kinetics showed that the 
adsorption as well as the desorption of water is faster in 
the new composite fibers. Additionally these curves 
provide more details about the structure of the fibers and 
their behavior during the swelling process.  
 
FUTURE WORK 
For the future it is planed to investigate more the 
biocompatibility of these microgel-based fibers. 

Furthermore, other fiber morphologies with microgels 
only in the core or only on the surface of the fibers are of 
interest. Additionally, one of the big opportunities of this 
system is the variability of the microgel composition and 
the combination with different polymers will be 
investigated. Moreover the use of these fibers as uptake 
and release system for drugs or nanoparticles will be 
studied.  
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INTRODUCTION 
Aramid fibre has been applied in the areas of various 
technical textiles. Among them, para-aramid was mostly 
applied as the reinforced materials. On the other hand, 
aramid/nylon hybrid ATY yarns have been used on the 
areas of the rubber reinforced composites and protective 
clothing. The air jet texturing technology is applied on the 
hybrid filaments for the purpose of enhancement of touch 
softness and adhesion properties[1][2]. Up to now, the 
physical properties of the Aramid single filament ATY have 
been studied according to the process parameters[3][4]. The 
physical properties of para-aramid/nylon hybrid ATY 
filaments according to the process parameters of air-jet 
textured yarn (ATY) were not surveyed yet. Therefore, this 
study surveyed the physical properties of the para-
aramid/nylon hybrid filament according to the process 
conditions of ATY. The ATY process factors such as yarn 
speed, air pressure, heater temperature, and overfeed ratio 
were adopted for preparing specimens and the various 
physical properties such as denier, tensile property, and 
thermal shrinkage were measured and discussed with 
various processing factors. Instability for identifying the 
loop formation on the yarn surface were also measured with 
microscope system. 
EXPERIMENTAL 
Heracron® as para-aramid and nylon were used for making 
ATY on the Aiki air jet texturing machine, specimens 
according to the ATY process conditions were shown in 
yarns surface profile by Table 1.  
TABLEⅠ. The aramid./nylon hybrid ATY specimens 

No Process conditions Note 
1 Yarn 

speed 
(m/min) 

200 Core: 8.2%   Effect: 16.7% 
Air pressure: 10㎏/㎠ 
No heater 

2 220 
3 250 
4 

Core 
(%) 

4.2 
Yarn speed: 220m/min 
Effect: 16.7% 
Air pressure: 10㎏/㎠ 
No heater 

5 6.4 
6 8.7 
7 11.1 
8 13.6 
9 

Effect 
(%) 

12 
Yarn speed: 220m/min 
Core: 8.2%    
Air pressure: 10㎏/㎠ 
No heater 

10 14.3 
11 16.7 
12 19.7 
13 21.7 
14 

Air 
pressure 
(㎏/㎠) 

7.5 
Yarn speed: 220m/min 
Core: 8.2%    
Effect: 16.7% 
No heater 

15 9 
16 10 
17 11 
18 12 
19 

Heater 
Temperature 

(℃) 

150 Yarn speed: 220m/min 
Core: 8.2%    
Effect: 16.7% 
Air pressure: 10㎏/㎠ 
 

0 170 
21 190 
22 210 
23 230 

The various physical properties of these specimens were 
measured using KSK measuring method. Yarn linear 
density, thermal shrinkage and tensile property were 
measured by KSK method and instability was measured  
 

 
using Heberlein method. Yarn surface profile was viewed 
using microscope. 
RESULT AND DISCUSSIONS 
Fig.1 shows yarn tenacity according to the process 
parameters. As shown in Fig.1, the yarn tenacity was 
decreased with core overfeed, and air pressure and also it is 
shown that the tenacities of the yarns treated with heat-set 
were higher by 2 or 3 g/d than those of untreated yarns, 
which is due to low yarn linear density by the heat-set 
treatment. 

0

2

4

6

8

10

12

14

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Speed 
(m/min)

Core overfeed(%) Effect overfeed(%) Air pressure
(kg/cm²) 

Heater
temperature(℃)

Te
na

cit
y 

(g
/d

)

Max

Mean

Min

 
FIGURE 1. Tenacity 

5

9

13

17

21

25

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Speed 
(m/min)

Core overfeed(%) Effect overfeed(%) Air pressure
(kg/cm²) 

Heater
temperature(℃)

Br
ea

ki
ng

 st
ra

in
(%

)

Max
Mean
Min

 
FIGURE 2. Breaking strain  
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FIGURE 3. Initial modulus 
Fig.2 shows breaking strain according to the ATY process 
parameters. As shown in Fig.2, the breaking strain was 
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highly increased by from 11% to 18% with increasing core 
overfeed, which is due to higher extension by the increase 
of the entanglements among the core filaments in the yarn. 
As the air pressure was also increased, the breaking strain 
was also increased by from 10% to 14%, which is due to the 
formation of many loops on yarn surface by high pressure. 
It was shown that, any change of hybrid yarn breaking 
strain according to the feed speed, effect overfeed and 
heater temperature were not found, but the breaking strains 
of yarns treated with heat-set were lower by 2 or 3% than 
those of untreated yarns. 
Fig.3 shows initial modulus according to the ATY process 
parameters. As shown in Fig.3, as the core overfeed was 
increased, the initial modulus was highly decreased by from 
158g/d to 46g/d, which is due to the increase of the 
entanglements among the core filaments in the yarn and 
size of loop. The initial modulus of yarns was increased by 
from 76g/d to 102g/d when the effect overfeed is increased. 
This is attributed to the compact yarn structure by effect of 
locking of core and effect filaments. The initial modulus of 
hybrid yarn was decreased by 30g/d with increasing air 
pressure, which is due to relatively large number of loops 
formed on the yarn surface. The initial modulus of hybrid 
yarns was also gradually decreased with heater temperature, 
and the initial modulus of yarns treated with heat-set were 
higher by twice than those of untreated yarns, which is due 
to increase of the flat portion in yarn structures by heat-set 
treatment. It was shown that among the ATY process 
parameters, the core overfeed was most affected on initial 
modulus. 
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FIGURE 4. Dry heat shrinkage 
Fig.4 shows the dry heat shrinkage according to the process 
parameters. The dry shrinkage of ATY was increased with 
core overfeed but decreased with effect overfeed, heat-set 
temperature. The dry shrinkage was increased to twice by 
from 2.8% to 5.4% with increasing core overfeed, which is 
due to relatively large number of entanglement formed in 
the core part of the yarn. The dry shrinkage of yarn was 
slightly decreased by from 4.4% to 3.6% with increasing 
effect overfeed. This is attributed to the compact yarn 
structure by effect of locking of core and effect in the 
hybrid yarns. The dry shrinkage of hybrid yarn was also 
slightly decreased with increasing heater temperature. It 
was shown that any tendency of dry heat shrinkage was not 
found according to the feed speed and air pressure in the 
nozzle. Fig.5 shows instability of hybrid yarns according to 
the process parameters. The instability was increased with 
increasing feed speed, which is due to high tension by high 

speed. The instability of hybrid yarn was slightly decreased 
with increasing effect overfeed, which is due to relatively 
large number of loops formed on the yarn. As the heater 
temperature was increased, the instability was increased by 
0.1, which is due to decrease of the elastic recovery of yarn 
structure by heat treatment. Fig.6 shows microscope 
photograph of the some specimens. 
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FIGURE 5. Instability 
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FIGURE 6. Microscope photograph of the specimens 
CONCLUSIONS 
As the overfeeds of core and effect and air pressure were 
increased, the denier was increased and heat-set treatment 
made yarn linear density lower. The tenacity was decreased 
with increasing core overfeed and air pressure. But, the 
tenacity of the hybrid filament were increased by the heat-
set treatment due to low yarn linear density. The dry 
thermal shrinkage was increased with core overfeed but 
decreased with effect overfeed and air pressure. And the 
instability were increased with increasing air pressure and 
heater temperature.  
FUTURE  WORK 
The fabrics for fire fighting clothing will be woven using 
these ATY yarns, and then their physical properties such as 
touch softness and adhesion property according to the film 
laminating will be measured and discussed according to the 
some ATY process parameters. 
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INTRODUCTION 
High-surface-activity products such as polymer filtration 
mats, nonwovens for medical and biological applications 
require high surface-to-volume ratio characteristic for 
super-thin fibers. Pneumatic melt spinning with the use of 
the Laval nozzle is a novel and efficient method of 
formation of super-thin fibers. Geometry of the die 
assembly assumed for modeling of the pneumatic process  
with the Laval nozzle is illustrated in Fig. 1 in the cross-
section (y,z) normal to the longitudinal spinning beam. 
The polymer melt is co-extruded from a single raw of 
small diameter orifices in the symmetry plane of the air 
jet where the polymer streams undergo fast drawing by 
the air drag forces. In the modeling, distributions of the 
velocity, temperature, pressure or stress in the air jet and 
the polymer streams are considered.  
 

          
 
Fig. 1. Geometry of the die assembly used in the modeling. 
  
THE AIR FIELDS 
Influence of a single row of thin polymer streams on the 
air jet dynamics can be neglected and predetermined air 
fields at the absence of the  filaments are used in the 
modeling. Distributions of air velocity, temperature and 
pressure are computed from the k-ω aerodynamic model 
[1]. For long spinning beams and the symmetry reasons, 
the air flow reduces to two-dimensional in the cross-
section plane (y,z) normal to the spinning beam and is 
symmetric with respect to the z-axis. The computational 
domain reduces to half-plane limited by the symmetry 
axis. The computations are performed with the aid of the 
Fluent package using finite volume method of CFD. 
Boundary conditions of the air fields consider initial air 
pressure P0 and the ambient temperature 20oC in the  
nozzle inlet, ambient temperature at the nozzle walls, the 

ambient air pressure and temperature at far edges of the 
domain (y=100mm, z=240mm). The air fields are 
computed for several air compressions at the nozzle inlet 
∆Pair=1, 2 and 3 bars and various geometries of the die 
assembly. As the reference geometry of the assembly, the 
nozzle widths at the narrowing 2a=4 mm and at the exit 
2b=6mm, the distance h=5mm from the melt extrusion 
point and the length l=5mm of the divergent part of the 
nozzle are assumed. The air fields are computed for the 
reference geometry, as well as for the variations of the 
reference geometry: 2a=4±1mm, h=10±5mm, longer 
divergent part of the nozzle l=5+5mm at fixed exit width 
2b=6mm, longer divergent part of the nozzle at fixed 
divergence angle.  
 
Figs. 2(a,b) illustrate distributions of the centerline air 
velocity along the processing axis of the length L=200mm 
computed for the variations of 2a and h and fixed air 
compression ∆Pair=2 bars at the nozzle inlet. 
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Fig. 2. Axial air velocity vs. distance z computed for the  
variations of the nozzle diameter 2a at the narrowing (a) and the 
distance h (b).  The air compression ∆Pair=2 bars.  
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Fig. 2a shows that the Laval nozzle diameter 2a smaller 
than the reference one leads to significantly lower axial 
velocity profile of the air jet along majority of the 
processing line, besides a narrow range inside the nozzle. 
The larger nozzle diameter does not influence the jet 
velocity substantially. With changing the nozzle distance 
h from the melt extrusion point, a shift of the maximum of 
the air velocity is predicted adequate to the change in the 
position h which may influence the melt air drawing.   
 
AIR DRAWING OF THE FILAMENT 
The highest air drawing forces are exerted on the polymer 
stream extruded to the air jet coaxially from the orifice 
located at the air jest symmetry axis. Computations of the 
filament air drawing dynamics base on the mathematical 
model of melt spinning [2] adopted for the pneumatic 
process [3]. The model is valid in the range of z-axis 
where the local air velocity exceeds velocity of the 
filament. In single-, thin-filament approximation, the 
model of stationary air drawing reduces to one dimension 
z. Phan-Thien/Tanner equation of non-linear visco-
elasticity is used. Axial profiles of the polymer velocity 
V(z), temperature T(z), tensile stress ∆p(z) and rheological 
extra-pressure prh(z) considered as average values over 
the radial filament cross-section are computed.  
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Fig. 3. Filament velocity vs. distance z computed for the 
nonwovens formation from PP melt (MFR=12) at the collector 
distance L=200mm. (a) variations of the nozzle diameter 2a; (b) 
variation of the distance h. Thin lines: ∆Pair=2 bars; thick lines: 
∆Pair=3 bars.  

Example computations are performed for air drawing of  
polypropylene melt in the Laval nozzle in the nonwovens 
formation at fixed collector distance L=200mm, the melt 
extrusion temperature 300oC, orifice diameter 0.7mm, the 
polymer  mass output 0.04g/s and MFR=12 
(Mw=250,000). Figs. 3(a,b) illustrate effects of variations 
of the Laval nozzle diameter 2a and the nozzle distance h 
on the filament velocity profiles. The polymer velocity 
profiles computed for the narrowest nozzle (short dashed 
lines) are substantially lower than those predicted for the 
wider reference nozzle (solid lines in Fig.3a), while 
further increase of the nozzle diameter above the 
reference one does not affect the profiles substantially 
(dashed lines). Significant effects of the air compression 
on the filament velocity profiles are predicted (Fig 3a, 
thin lines vs. thick lines).  
 
The upstream or downstream shift of the Laval nozzle to 
the position h from the reference one is not effective and 
results in lowering of the filament velocity (Fig. 3b, 
dashed lines vs. solid lines) predicted for the air 
compressions 2 and 3 bars in the nozzle inlet (Fig. 3b, 
thin lines vs. thick lines). Effects of other die assembly 
geometry variations of the dynamic profiles is also 
shown, including the filament attenuation, elongation rate, 
temperature, tensile stress, and the extra-pressure profiles. 
       
Negative extra-pressure prh is predicted in the polymer 
bulk inside the Laval nozzle, at a distance of 10-20mm 
from the extrusion point which may cause cavitation and  
longitudinal burst splitting of the air drawn filament in the 
supersonic air jet into sub-filaments. Average diameter of 
the sub-filaments, d ≅ −4γ /prh, is controlled by the 
surface free energy density γ. Burst splitting of individual 
filaments in the supersonic air jet was reported by 
Gerking [4] from experimental research where the 
average diameter of the sub-filaments was observed in the 
range 2-15µm. Average hypothetical diameter of the split 
PP sub-filaments is predicted as decreasing from 10 to 
5µm with increasing the air compression in the Laval 
nozzle inlet from one to 3 bars, with a substantial 
influence of the die assembly geometry. 
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OBJECTIVE 
Clothing has been considered as an useful means of 
protection against ultraviolet (UV) radiation from the sun, 
as textiles form a tangible intimate covering on human 
skin. Recently, quantifying the degree of protection 
offered by textile materials is in the forefront.  However, 
previous research on UV protection textile was limited on 
woven fabric. Cotton knit fabric is usually consider as 
poor protection against UV radiation due to its 
complicated yarn structures and bent stitches. The 
purpose of this paper is to determine if the UV protection 
of cotton knit fabric could be enhanced through the 
judicious selection and application of dyes and Optical 
Brightening Agent (OBA). 

INTRODCUTION 
According to the World Health Organization (WHO), 
prolonged and repeated exposure to ultraviolet radiation 
from sunlight has been identified as the cause of 
increasing incidence of skin cancer in many countries in 
recent years. While in Hong Kong, non-melanoma skin 
cancer became one of top 10 caners in Hong Kong [1]. 
The increased incidence of skin cancer in recent years has 
resulted in an urged call for the prevention of UV 
radiation damage and so investigation on the effects of 
UV radiation has become more and more important for 
researchers.  People are increasingly aware of the health 
hazards caused by over exposure to ultraviolet radiation. 
Ozone depletion not only arouses environmental problems, 
it also leads to an increase in solar radiation at the Earth’s 
surface.  According to a research, 1% of ozone depletion 
leads to increases in the solar UV radiation at the Earth’s 
surface and cumulative exposures may eventually causes 
a 2.3% increase in skin cancer [2]. Clothing has been 
considered as a useful means of protection against UV 
radiation from the sun, as textiles form a tangible intimate 
covering on human skin. Recently, quantifying the degree 
of UV protection offered by textile materials is in the 
forefront. This paper is going to identify suitable dyes, 
Optical Brightening Agent (OBA) and their effects, 
depths for UV protection on cotton knit fabric. 

 
METHODOLOGY 
In this study, eight cotton plain knit fabrics which were 
knitted by four different types of yarns (Combed Cotton, 
Combed Supima Cotton, Combed Cotton ESTex and 
Combed Supima Cotton ESTex) and with two different 

yarns count (Ne30, Ne40). Those fabrics were knitted by 
Stoll CMS 822 E7.2 computerized flat knitting machine 
of gauge 14. The fabrics were scoured then were dyed 
with three different dye classes (reactive dyes, direct dyes 
and sulphur dyes). Three primary colors, red, yellow and 
blue dyed with 0.1%, 1% and 5% concentration. UV 
properties of fabric samples were evaluated by according 
to the Australian/New Zealand standard (AS/NZA 
4399:1996) with a Varian Cary 300 Conc UV-visible 
spectrometer. The UV spectrophotometer measures the 
UV properties in terms of UV protection factor (UPF). 
UPF indicates how much UVR is blocked by a textile 
material. For the purpose of the measurements, fabric 
samples were mounted, without tension, on the slide 
frames. A filter was placed in front of the opening of the 
integrating sphere. During the transmission measurements, 
the test fabric was held as close as possible to the opening 
of the integrating sphere to detect the entire radiation 
transmitted by the fabric. All samples are subjected to a 
standard testing environment and standardize air 
condition for 24hr before the UV test ( relative humidity, 
65% ± 2%; temperature, 20 ℃  ± 2 ℃ ). The UV 
spectrophotometer recorded the transmittance between 
290 nm and 400 nm at every 5 nm. For each sample, four 
measurements of transmittance were recorded. The 
samples were rotated by 90。after every scan. Then UPF 
of individual measurement was recorded, the average 
UPF of the sample, standard deviation of the mean UPF 
and sample UPF were calculated according to an equation 
which described in the standard. 
 
RESULTS AND DISCUSSION 
From literature review, UV protective property of textile 
materials depends on many factors and factors which are 
most frequently cited are fiber composition, fabric 
construction, fabric cover factors, dyes and finishes on 
fabrics. This study mainly focuses on the types of dye and 
depth after dyeing. Thus, effect of color and color shades 
on UPF would be investigated and discussed. The dyes 
used to color a textile can affect the UV protective ability 
of a fabric, depending on the position and intensity of the 
UV wavelength absorption bands of the dyes and the 
concentration of the dyes in the textile. 
 
 Depth of Color The UPF results of eight fabric samples 
(with four yarn types, (i) combed cotton,(ii) combed 
cotton ESTex, (iii) combed supima cotton and (iv) 
combed supima cotton ESTex ; and two yarn count Ne30 



and Ne40)which dyed with three different dye class 
(reactive dye, direct dye and sulphur dye of three primary 
colors, red, yellow and blue dyed with 0.1%, 1% and 5% 
on weight of fabric (owf concentration). The control 
samples offer much low UV protection when compared 
with dyed samples, since the mean UPF of control 
samples (Fabric 1 to Fabric 8) were from 7.6 to 14.4. 
However, after treating these fabrics with different dyes, 
the UPF values increased gradually with increased dyed 
concentration. Darker shades with same hue were 
obtained with the increasing concentration. The UPF 
results of fabric samples with 1% dye concentration are 
higher than 0.1% dye concentration. The UPF results of 
5% concentration showed the highest UPF results within 
the same fabric type. It is because dyes were present on 
the fabric surface and absorbs ultraviolet radiation in the 
visible and UV radiation band. Dyes react like additives 
to the fabric and improve UV protection abilities as they 
blocks UV transmission through a fabric to skin. Color 
depth basically affects both the absorption and the 
reflectivity of UV photons by the textile material with dye 
molecules. CIE L ＊ a ＊ b ＊  values, L ＊  representing the 
lightness of the color (L＊ = 0 yields black and L＊ = 100 
indicates diffuse white). The L＊  results confirmed that 
less L＊ value with higher UV protective ability. L＊ values 
decrease when the concentrations of dyes increase from 
0.1% to 5%. The relationship between fabric color and 
UV transmittance and concluded that depth of color rather 
than color itself is the principle aspect of color affecting 
UV transmittance.  The finding in this study also confirm 
with previous study in order to develop UV protective 
fabric with low UV transmittance, selection of dyes with 
color belong to approximately CIE L＊ < 38. [3] 
 
Dye Classes UPF results of reactive and direct dyed 
samples are substantially increased when compared with 
control samples. Direct dye achieved the highest UPF 
result among three dyes (reactive dye, direct dye and 
sulphur dye). Direct dyes could increase UPF of knitted 
samples which depends on relative transmittance of the 
dyes in the UVB region. Good penetration and higher 
diffusion ability of direct dyes contribute to the high UPF 
results. During dyeing process, direct dyes aggregates and 
then broken down progressively to small molecules. Thus, 
those small molecules could penetrate into the 
microspores of the cellulose fibers. Besides direct dye, 
reactive dye also obtained a good UPF values among red , 
yellow and blue color. Fabric dyed with the reactive dyes, 
the UPF of the fabric samples increase from UPF 10+ to 
over UPF 40+. It showed that reactive dyes also possess 
UVR absorption characteristics. Sulphur dye obtained the 
poor UPF results. The UPF result of sulphur dyed samples 
even lower than control undyed samples. It is mainly due 
to the liquid dye floating in the bath during the dyeing 
process, resulting in uneven color appearance of dyed 

sample. Uneven color appearance of dyed samples may 
contribute to the low UPF result of sulphur dye. 

OBA is colorless thus fabric could be opaque to UV 
radiation. OBA usually was applied with dyes during the 
dyeing process; however, in order to investigate the UV 
protectiveness of non-dyed cotton knit fabric thus this 
preliminary study OBA was applied alone to the fabric. 
Surprisingly, the UPF results are different to previous 
research works. Numerous research believe that OBA can 
improve the UPF of cotton woven fabric as OBA can 
enhance the whiteness of fabric by UV excitation and 
emission of visible blue color. The preliminary result of 
OBA showed that at 0.5% concentration of OBA, the UPF 
values decreased and even lower than control samples 
(without OBA treatment). This may be due the yellowish 
color appear on the fabric sample and affect the OBA UV 
absorption ability. Bleaching is required for future work. 
Nevertheless, the UPF gradually increased at 1% 
concentration of OBA. Thus, 1% concentration of OBA 
should be used and will be applied with dyes during the 
dyeing process in future study.  
 
CONCLUSIONS 
The depth of color is the principle aspect of color 
affecting UV transmittance. The UPF increased with the 
dye concentration. 5% concentration of dyed samples 
obtained the highest UPF result in this study. For the dye 
classss, the UV absorption of direct dyes is superior to 
reactive and sulphur dye. The UV protective of optical 
brightening agents also investigated in 0.5% and 1% 
concentration. However, the UPF results showed that the 
UV protective ability of OBA in knit fabric was not as 
prominent as previous research which focuses on woven 
fabric. Color must be considered in combination with 
other properties known to modify transmission. Knitwear 
has a few specialties when compared to woven fabrics, 
such as their complicated yarn structures and bent 
stitches. The highly elastic nature for knitted fabric will 
give a significant challenge on future research work on 
UV protection. 
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INTRODUCTION 
Previous studies found that porosity is an important 
indicator for UV protective performance of a fabric [1-3]. 
When UVR strikes the fabric, it can be reflected, 
absorbed by fibre, scattered within fabric layer, and 
transmitted through the fibres and fabric pores [4]. The 
incident radiation passes through fabric is largely 
influenced by the percentage of void volume within a 
fabric in which there is no fibre in that volume from the 
fabric face to back. By studying fabric porosity as one of 
the important structural parameters affecting UV 
protection of knitted fabrics, fabric weight, thickness and 
fibre density are considered simultaneously in a three-
dimensional approach. 
 
APPROACH 
Ten fabrics with different combinations of knit, tuck and 
miss stitches incorporated in the fabric construction are 
investigated with porosity and ultraviolet protection factor 
(UPF). These ten fabrics are divided into two groups, 
namely single knitted fabrics with All Knit, Knit & Tuck, 
Knit & Miss (25%) and Knit & Miss (50%), and double 
knitted fabrics with 1x1 Rib, Half Cardigan, Full 
Cardigan, Half Milano, Full Milano and Interlock. Fabrics 
were knitted with 100% cotton yarn using an electronic 
flat-bed knitting machine of gauge 14G and the fabrics 
were bleached to remove natural pigments and impurities. 
UPF of bleached fabric specimens were measured by a 
spectrophotometer corresponding to Australian/New 
Zealand Standard (AS/NZS 4399:1996) and UPF is 
calculated by equation 1 shown as below. 
 

 
(1) 

 
Porosity (%) can be defined as the proportion of void 
space within the boundaries of a solid material, compared 
to its total volume and the calculation is shown in 
equation 2, where ρ t  is the bulk density (g/cm3) and ρm is 
fibre density (g/cm3). Bulk density of fabric is obtained 
with the fabric weight divided by fabric thickness. 
 

 
(2) 

 
RESULTS AND DISCUSSION 
The results of UPF and porosity of various knit structures 
are analysed by using one-way analysis of variance 
(ANOVA) and correlation analysis.  Single knitted fabrics 
and double knitted fabrics are analysed separately because 

of their distinct structural characteristics. The results of 
ANOVA indicate that there are significant differences in 
UPF (F3,8 = 40.246, p ≤ 0.05) and porosity (F3,8 = 14.559, 
p ≤ 0.05) among the four single knit structures; and also 
among the six double knit structures with the statistical 
significant difference in UPF (F5,12 = 368.193, p ≤ 0.05) 
and porosity (F5,12 = 126.11, p ≤ 0.05). Fabrics with tuck 
stitches possess relatively lower UPF but higher bulk 
density among various fabric constructions whereas 
fabrics incorporated with miss stitches obtain the opposite 
results. From the results of correlation analysis, the 
relationships between porosity and UPF of single knitted 
fabrics (r = -0.246, NS) and double knitted fabrics (r = -
0.812, p ≤ 0.01) are both negatively correlated, although 
the correlation for single knitted fabrics is insignificant. 
The presence of tuck stitches in the fabric construction 
increases the porosity because of the formation of a tuck 
loop pushing the adjoining columns of wale further apart 
and results in a bulkier structure with more void spaces 
for transmitting ultraviolet radiation (UVR). On the other 
hand, the miss stitches reduce fabric elasticity by pulling 
the adjacent columns of wale closer together and thus less 
open spaces are present for transmitting UVR. 
 
CONCLUSION  
The results agreed with previous studies showing that 
porosity is an important indicator in UV protection of 
fabrics. Higher the bulk density, the more void spaces 
within the fabric construction for transmitting UVR and 
thus results in lower UV protection of fabrics. Different 
combinations of knit, tuck and miss stitches do influence 
the porosity as well as the UV protective performance of 
knitted fabrics. 
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ABSTRACT  
Liquid water transport property of fabrics is important for 
clothing under hot and humid condition as well as 
conditions of high physical activity. It is a dominant 
factor affecting the thermal-physiological comfort. Here, 
we report a measurement method which can characterise 
the through-plane absorption behaviour of fabrics. Also, 
by calculating the water content of the bottom layer, the 
wetness of the fabric was evaluated. The wetness of the 
bottom layer correlates well with the subjective wetness 
sensation. Plant-structured fabric with grouped yarn at the 
back side and separated yarns at the face side facilitate the 
through-plane water movement. More water could be 
transferred to upper layers and its water content is lower 
than other structures, thus it could give a dry feeling to the 
wearer. 

INTRODUCTION 
When external force is applied to push water into the 
fabrics, water may go either in in-plane or through-plane 
direction and it varies with fabric absorbency, yarn 
tortuosity and fabric porosity. With the same amount of 
water, the larger the spreading area, the better the wear 
comfort since it allows faster evaporation of perspiration. 
On the other hand, the more the water transport in the 
transplanar direction, the less wet feeling our skin will 
have. Thus, a comfortable fabric should have both good 
transplanar and in-plane wicking properties. There is a 
need for developing a measurement method which can 
characterize the direction of water flow in fabric.  

Most of the conventional measurement systems and the 
international standards mainly deal with the in-plane 
wicking in fabrics. Vertical wicking test (AATCC 197) [1] 
has limited relevance to clothing comfort since water 
transport is generally in perpendicular direction against 
the fabric plane. Wettability test (AATCC 79 and BS 
4554) [2] and Moisture management tester (MMT) [3] 
does not simulate the profuse sweating condition. 
Transplanar water transport tester (TWTT) [4] cannot 
differentiate the direction of water flow.  

In the proposed measurement method, we would like to 
investigate the transplanar water flow in fabrics, and 
determine the water content of the bottom layer so as to 
estimate the wetness sensation of our skin. By comparing 
the absorption amount in the layers above the bottom one, 
we could know its transplanar wicking property. Thus 
fabrics with good through-plane absorption property  

should have heavier water mass in the second layer. Since 
the amount of water absorption in the rest of layers (3rd,  

4th, 5th, 6th) is so low, the variation between tests may be 
quite big in these layers. Thus they will not be considered 
for the purpose of comparing fabric transplanar 
wickability.  

EXPERIMENTAL DETAILS 

 
Figure 1. Experimental set-up for forced wetting test 

 
Figure 1 shows the experimental set-up for the forced 
wetting test. A predetermined amount of water is injected 
into the fabric bundles by the syringe pump. Six layers of 
square fabrics are put on top of each other placing on the 
plastic plate. Different flow rate was studied on three 
fabrics with different constructions. A newly developed 
plant-structured fabric was compared against two 
conventional woven fabrics with similar thickness, 
including plain and twill fabric. 2 g/cm2 pressure was 
placed on top of the fabric bundles. The weight change of 
fabric after absorption was recorded and the spreading 
area of each layer was measured. And different flow rate 
is actually simulating various physiological response of 
our skin when under different working environment. 

RESULTS AND DISCUSSION 
Comparison of fabrics under different flow rate 
In layer 1, the spreading area as well as the water 
absorption ratio of a plain fabric was the largest under 
faster flow rate (10, 40 and 80 ml/h). The larger the 
spread and the more the water remaining in the bottom 
layer, the poor the through-plane water flow is. Plain 
fabrics with more intersection area and higher air 
resistance inhibit the transport of water to the above layer, 
so in layer 2 its spreading area as well as water absorption 
mass is the least when comparing with other structures. 
Therefore, plain fabric is not ideal for high sweating 
condition since water cannot escape to the environment 
easily.  
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Twill fabric with long float length means that the yarn 
tortuosity is lower and intersection area is smaller. Water 
could spread through the yarn tunnel easily; however it is 
difficult for water to leave the pores placed below the 
float yarn. The water remained in those closed pores 
would diminish the spread of water. So, its spreading area 
is the smallest in layer 1. In general, the spreading area of 
layer 1 does not directly related to our physiological 
comfort feeling. We therefore calculated the water content 
per unit volume of the pores in fabric using Formula (1). 

Water content of fabric =
Mass of water absorbed in fabric (g) 

Wetted area in fabric (cm2)×Fabric thickness (cm)× Fabric porosity (ε)
(1) 

  
Figure 2. Water absorption 
ratio of fabrics under flow rate 
of 80 ml/h 

Figure 3. Spreading area of 
fabrics under flow rate of 80 
ml/h 

 
Figure 4. Water content of fabrics under different flow 
rate 
 
Figure 4 indicates that the water content of the twill fabric 
is the highest. For fabric with high water content which is 
placed next to our skin, it gives us a wet feeling and thus 
the twill fabric is not as comfortable as the others in terms 
of wetness sensation. 

Plant-structured fabric, mimicking branching structure of 
the plant, has been developed through innovations in 
weaving and knitting techniques [5-7]. This fabric with 
rougher surface at the back side and higher surface area 
on the face side could absorb human sweat immediately 
and so gives the wearer a dry feeling. Its water content is 
also lower than plain and twill in layer 1 as illustrated in 
Figure 4. Under higher flow rate (40, 80 ml/h), more 
water could transport to layer 2 for the plant-structured 
fabric. Thus it can absorb sweat immediately and 
facilitating through-plane transportation even though the 
sweating rate is fast. Also, its fabric porosity is the highest 

and air resistance is the lowest hence allowing through-
plane water flow.  

Subjective test 
To investigate whether the proposed method could 
correlate with the our actual feeling, a subjective test was 
performed on 20 subjects (10 male and 10 female). They 
were asked to rank the wetness sensation on three fabrics 
with different constructions by using the forefinger. Only 
the wetness sensation was investigated and the effect of 
thernal and sensorial feeling should be excluded. The test 
was conducted in a climatic chamber with 25°C and 40% 
relative humidity. Constant amount of water, 0.1 ml, was 
dropped onto the fabric and 1 minute spreading was 
allowed before delivering the sample to the subject.  

Wilcoxon test were conducted. The median concern for 
Plant against Twill is significant (plant drier than twill), 
p=0.044<0.05, but the median concern for Plant against 
plain as well as plain against Twill is not significant, 
p>0.05. People rank plant-structured fabric as the drier 
one whilst twill is the wettest. This trend agrees with the 
water content of layer 1. By knowing the water content of 
the bottom layer, we could understand how people feel 
when touching the wet fabric. 
 
CONCLUSION 
In the present study, a novel water absorption 
measurement method was developed. Different from the 
conventional measurement methods, this measurement 
method could simulate different sweating condition by 
changing the flow rate of the syringe pump. It gives 
information about the through-plane water movement. 
Experimental investigations showed that plant-structured 
fabric is an ideal fabric since it could facilitate the 
transport of sweat to the environment. Also, its water 
content is the lowest which gives a dry feeling to the 
wearer. 
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INTRODUCTION 
Materials used in the work place may be exposed to a 
wide range of chemicals, including petroleum, oils, 
lubricants and solvents, many of which have very low 
surface tensions compared to water. Some commercially 
available liquid repellent coatings may afford a high 
degree of repellency, even superhydrophobicity, to water, 
but typically these will not be super-repellent to low 
surface tension liquids. To achieve a superoleophobic 
surface, and to further extend the properties to include 
self-cleaning (low-angle run-off), a better understanding 
is required of the interaction of surface structure 
(roughness), the use of low surface energy constituents 
within the surface architecture, and the fundamental 
chemical and physical properties of the liquid, particularly 
its surface tension, density, viscosity, polarity and 
whether it contains fluorine. 
In 1939, A. B. D. Cassie and his colleague S. Baxter 
found that, on a suitable rough surface, the apparent water 
contact angle increases dramatically over the equilibrium 
contact angle, also known as the Young contact angle, θe. 
They describe this effect by 21 coscos ff er −= θθ , where θr 
is an apparent contact angle on a rough surface; f1 is the 
surface area of the liquid in contact with the solid divided 
by the projected area; and f2 is the surface area of the 
liquid in contact with air trapped in the pores of the rough 
surface divided by the projected area.  
According to our previous research, single liquid drops 
resting on a surface covered with an array of conical 
fiber-like structures (see Figure 1b), will minimize their 
penetration into the structure, reaching an equilibrium 
point at the broader end of the conical fiber structure 
when the Gibbs free energy attains a local minima. Such a 
surface is termed a re-entrant superoleophobic surface. In 
this case the geometric angle (ψ) of the cone (Figure 1) 
should be less than 90°.  
 

 
Figure 1. Schematic of a single layer conical fiber structure: (a) 
the structure and (b) the force balance in one unit area. The red 
rectangle indicates the unit area. The cross-hatched region is the 
interfacial area while the yellow lines are contact lines.  
 
 

 
Accordingly, rough surfaces designed with conical 
protuberances where the geometric angle of the cone is 
less than 90°, will cause the drop to climb upward along 
the wall of the conical structure reducing the total surface 
area that is in contact with the drop, increasing its 
oleophobicity. 
 
DESIGN OF MULTISCALE STRUCTURES 
In this research, we design and develop multiscale 
superhydrophobic superoleophobic textile surfaces that 
exhibit self-cleaning properties with both water and oil at 
a very low roll-off angle. To model a multiscale surface 
depicted in Figure 2, we developed the following 
hypotheses: (1) regardless of the number of layers of 
conical fibers, all the edge fibers are in one line as shown 
dotted lines in Figure 2a; (2) ri and Di stand for the radius 
and a half of the edge-to-edge distance between two 
adjacent conical fibers on the ith layer (i = 1, 2, 3…, n. i = 
1 refers to the top layer;), respectively; (3) the distance 
between two adjacent conical fibers (2Di) is constant at 
each layer; (4) n stands for the number of conical fibers of 
the ith layer along the diameter of a single fiber of the (i + 
1)th layer. We assume 1 / ( ) 1i i in r D r+= + + . For a hexagonal 
pattern where Di is always constant on the (i+1)th layer, 
there will be approximately 1+6+12+…+6(n–1) = 1 + 
3n(n–1) fibers as shown in Figure 2b. Based on the 
hypothesis developed above, by assuming D1 = Cr1, we 
can have 1

1 1( 1)i
iD n C r−
+ = +  and 1

1 ( 1)( 1)i
i ir n n C r−
+ = − + . 

 
Figure 2. Schematic of multiscale conical fibers on a fabric 
substrate: (a) side view, and (b) the top view. 
 
EXPERIMENTAL 
1 g PAA was dissolved in 250mL DI water, and 1 g nylon 
nonwoven fabric was immersed in the PAA solution for 
24 hours. PAA adsorbed nylon materials were immersed 
in the DMTMM solution to graft PAA to the nylon 
surfaces. PAA-grafted nylon fabric was rinsed in distilled 
water for 8 hours (repeated three times with fresh solvent) 
and air dried. Tricholoromethylsilane (TCMS) was added 
to anhydrous toluene (TCMS: toluene = 1.5: 100). The 
PAA-grafted nylon nonwoven fabric was immersed in the 
TCMS solution for 18 hours. Then, the fabric was washed 
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with toluene, ethanol, mixture of ethanol and water (1:1), 
and lastly with water and air-dried. The TCMS-grafted 
(twice) PAA-grafted nylon fabric was immersed in FS 
solution (FS: isopropyl alcohol: NH4OH = 5: 100: 1) for 2 
hours and then squeezed at 100% wet pick-up. The fabric 
was cured at 150⁰C for 2 minutes in an oven, rinsed in 
isopropyl alcohol (repeated twice with fresh solvent) and 
air-dried. 
 
RESULTS AND DISCUSSION 
We chemically grafted FS onto a TCMS-grafted PAA-
grafted nylon film and TCMS-grafted PAA-grafted nylon 
nonwoven fabric to reduce the surface tension and make 
the surface hydrophobic and less oleophilic. First, the 
Young contact angles, θe, of water and dodecane on a FS-
grafted TCMS-grafted PAA-grafted nylon film were 
measured since θe (water) and θe (dodecane) are 
important parameters to design a superhydrophobic and 
oleophobic surface. For example, the water and dodecane 
contact angles on the FS-grafted film were 119º – 124º 
and 73º – 81º respectively, while water and dodecane 
contact angles on an untreated nylon surface were 70º – 
73º and < 5º, respectively. FS grafted onto nylon film 
successfully generated a surface with low surface tension 
as shown in Figure 3. 
 

 
Figure 3. 10 µL water and dodecane droplets on a fluorosilane-
grafted nylon film (Source: Lee and Owens, J. Mater Sci, 2011). 
 
In a previous study, four different conical fiber 
arrangements, which included various single and multi-
scale structures, were modeled to determine their wetting 
behavior (Figure 4). We used the same structures in this 
research to identify the optimum surface roughness that 
would impart a high apparent contact angle and self-
cleaning properties when applied to a real nonwoven 
fabric. In Figure 4, our model calculations suggest that the 
droplet will sit on top of the surface and the drop will not 
move down along the fiber walls even if external pressure 
is applied to the drop. Since the wetting behavior differs 
based on the number of layers and the size of a drop, we 
limit the maximum number of layers as shown in Figure 
4(d). 
 

 
Figure 4. Four model conical fiber structures. (a) one -layer 
conical fiber structure: the radius, half distance and height of 
conical fibers are r1, D1, α, and H1, respectively; (b) one-layer 
conical fiber structure: the radius, half distance and height of 
conical fibers are r2, D2, and H2, respectively; (c) one-layer 
conical fiber structure: the radius, half distance and height of 
conical fibers are r1, D1, and H1 + H2, respectively; and (d) 
two-layers conical fiber structure: the radius, half distance and 

height of the 1st layer fibers are r1, D1, and H1 while those of 
the 2nd layer fibers are r2, D2, and H2, respectively. The half 
angles of the conical fibers in these four structures are: αa = αb 
= αd > αc. 
 
 
Droplets of water (polar, 73 dyne/cm), dodecane (non-
polar, 25 dyne/cm), and methanol (polar, 22 dyne/cm) 10-
20 μL in volume were observed to have apparent contact 
angles in the super-repellency regime of ~150° (see 
Figure 5). In addition, the fabric exhibited effective self-
cleaning properties at angles of inclination of 10-45°, 
causing water, dodecane, and methanol to completely roll 
off of the surface with no residual droplet pinning. This is 
illustrated in Figure 6 for a dodecane droplet, which 
completely rolled off as soon as it was touched-off on a 
45° inclined multiscale self-cleaning super-hydrophobic 
superoleophobic nylon nonwoven fabric 
 

 
Figure 5. Water, dodecane, and methanol drops sitting on top of 
a self-cleaning superhydrophobic superoleophobic surface. 
 

 
Figure 6. A dodecane droplet completely rolls off of a 45-
degrees-inclined multiscale self-cleaning super-hydrophobic 
superoleophobic nylon nonwoven fabric. 
 
CONCLUSION 
The multiscale surface we have designed, modeled and 
developed has clearly demonstrated superhydrophobicity, 
superoleophobicity and “real” self-cleaning properties, 
shedding both water and low surface tension liquids 
readily at low angles of inclination. 
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STATEMENT OF PURPOSE/OBJEKTIVE 
The investigations during the research project AiF 
16676N are about personal protection equipment 
(PPE) for fire fighters. The aim of this project is to 
consider the thermo physiological characteristics of 
several material combinations, which are used for 
fire fighter PPE. Furthermore construction 
guidelines for innovative fire fighter PPE should be 
developed to improve the temperature and moisture 
management while still having protective effects 
according to DIN EN 469.   
 
INTRODUCTION 
A harsh thermal condition directly affects human 
health, performance and comfort. The adaption of 
the human body to this kind of stress is main part 
of the measurements of thermo physiological 
functional clothing. 
The thermo physiological and performance 
requirements of PPE for fire fighters are given in 
DIN EN 469. In addition the HUPF guidelines give 
construction guiding principles for such PPE’s.  
Today there are over one million fire fighters in 
Germany[1].  Nowadays the main part of their work 
is no longer fire extinction but support by technical 
assistance and in emergency situations.  
In all of these cases the PPE should protect the fire 
fighter from interior and exterior dangers. So the 
usability of PPE for fire fighters depends on 
different aspects.  First of all it should protect the 
wearer from external influences such as fire, heat, 
weather and water[2]. Also it should protect from 
“internal dangers”. Per year 100 fire fighters in the 
USA are dying because of cardiovascular failure or 
heat stroke. So PPE for fire fighters has to prevent 
overheating of the body. Furthermore such PPE’s 
are not limiting the mobility of the wearer. In this 
case the comfort and ergonomic has also safety 
aspects. Additionally PPE has to attract attention 
especially at night, bad weather or during 
operations in traffic. Last but not least damage or 
decreasing functionality of the PPE has to be 
recognizable[2]. 
To ensure these requirements PPE for fire fighters 
is composed of different layers: hydrophobic outer 
shell, moisture barrier with membrane, lining and 
insulation.   
   
 
 

APPROACH 
Five material combinations consisting of 14 
construction elements, which are state of the art for 
fire fighter PPE, were tested by Skin Model 
measurements to determine the physiological wear 
comfort. Also wearer trials with three male test 
persons under heat (18°C, 25°C) and cold (-5°C, 
10°C) stress with different metabolic rates have 
been done.  
 
RESULTS AND DISCUSSION 
1 Wearer Trials 
During the wearer trials the temperature and 
relative humidity in the microclimate above the 
skin, the total sweat production of the subjects and 
the sweat uptake of the individual garment 
components during the test period have been 
measured. Also all test persons evaluated the 
subjective comfort sensation during the test period.  
The measurements of the temperature in the 
microclimate above the skin show that under low 
ambient air temperatures (< 10°C) the temperature 
of the skin decreases, while it increase at higher 
ambient air temperatures. 
The wearer tests show that the relative humidity in 
the micro climate above the skin increases at 
ambient air temperatures above 10°C. So the sweat 
production S is greater than the sweat transport E. 
In addition it can be shown that the sweat 
production S and the sweat absorption F increase 
exponential with increasing ambient air 
temperature. In average 65% of the produced sweat 
were evaporated.  
The subjective comfort sensation KE of all test 
persons correlate with the measurements of the 
temperature and relative humidity in the 
microclimate above the skin. Especially the relative 
humidity has great influence on the wear comfort.  
To determine the sweat absorbance of each piece of 
clothing all were weight at the beginning and the 
end of the wearer trial. At an ambient air 
temperature above 10°C the fire fighter jacket with 
87 g/TP h at 25°C and the jeans, which were worn 
as undergarments, with 65 g/TP h at 25°C showed 
the highest sweat absorbance.  Also the amount of 
sweat, which had been absorbed by the pieces of 
clothing, increased with rising temperatures.  
 
 
 



2 Skin Model Measurements 
The Skin Model simulates the dry as well as the 
sweating human skin. The specific thermo 
physiological quantities of textiles as layers, 
relevant to physiological comfort, are determined 
with the Skin Model.  Under “normal” or 
“stationary” conditions the moisture flux from the 
skin appears as water vapour (insensitive 
sweating). In this stationary case the water vapour 
resistance Ret can be measured. DIN EN 469 
requires a water vapour resistance Ret (stationary 
conditions) between 30 and 45 m² Pa/W for Level 1 
PPE and Ret ≤ 30 m² Pa/W for Level 2 PPE. Level 
1 PPE is water vapour permeable that means that 
the PPE is only for temporary use. But all tested 
material combinations have a water vapour 
resistance under 30 m² Pa/W. Furthermore it could 
be shown that if the membrane is orientated to the 
lining or skin the Ret is lower than if it is orientated 
to the outer layer.  
If the temperature increases the wearer is already 
sensitively sweating, but the sweat is still 
evaporating within channels of the skin pores. In 
the clothes' microclimate an increased water vapour 
pressure is occurring but still no liquid sweat. The 
buffering capacity of water vapour (moisture 
regulation index Fd) of the tested material 
combinations is limited by the layer with the 
smallest water vapour permeability, which is the 
membrane.   
Liquid sweat occurs if the temperature increases 
even more. The capacity of liquid sweat (buffering 
index Kf) is not limited by the hydrophobic outer 
layer (Kf 0,3-0,4), so all material combinations 
show a good moisture transport when the wearer is 
sweating heavily.  
 
CONCLUSIONS 
Fire Fighter PPE is composed normally of four 
layers to fulfil the requirements of DIN EN 469. 
The investigated thermo physiological parameters 
of the tested material combinations, which are used 
for fire fighter PPE, fit in the requirements of DIN 
EN 469. Also all combinations show good moisture 
transports even if the wearer is sweating heavily.  
In addition it could be shown by the wearer trials 
that the sweat absorption is much lower than the 
sweat production. Therefore 65 % of the produced 
sweat is evaporated by the PPE. The residual sweat 
is absorbed by the fire fighter jacked or the 
undergarment. 
 
FUTURE WORK 
To improve the moisture management of PPE for 
fire fighters even more, in the next step of our 
investigations the undergarment should be adapt to 
the material combinations.  
It comes along that nowadays it is not state of the 
art to wash fire fighter PPE in an industrial way. 
Only semi-industrial washing cycles are used or the 

PPE is washed in the fire departments by the fire 
fighters themselves. One further aim of the research 
project AiF 16676N is to develop an industrial 
washing cycle while the protective effect according 
to DIN EN 469 is maintained.  
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STATEMENT OF PURPOSE 
The aim of this poster is presented the new method for 
measure effectiveness of PCM used in protective clothing.  
 
INTRODUCTION 
PCM (phase change materials) absorb, accumulate and 
release large amounts of energy in the form of latent heat 
in phase change temperature range. During the transition 
to the liquid state (melting point), the PCM absorbs and 
accumulates large amounts of heat from the environment. 
Throughout the duration of the PCM phase change 
temperature is constant. These compounds can be 
therefore used as an example, compounds that protect the 
human body, before an additional amount of heat 
generated [1-2]. 
 
During the process of phase change for the possibility of 
accumulation, or heat dissipation corresponds the  total 
enthalpy ∆H (latent heat, enthalpy of melting and 
solidification) (Fig. 1). The thermal conductivity is 
responsible for the effective absorption or release of heat, 
even at small temperature differences. 
 

 
Fig. 1 Schematic of DSC heating thermogram of PCM [2] 
 
PCM are used both in construction, medicine, transport 
and they are also used in clothing and textile products [3]. 
 
The history of textile with phase change materials began 
at NASA. It was used to produce suits for astronauts. This 
discovery inspired scientists to further research. In the 
'90s, scientists and companies Frisby Technologies and 
Outlast Technologies had developed several technologies 
placing the PCM microcapsules into textiles [4-5]. 
Unfortunately, Outlast® fabric has a low latent heat 
(enthalpy total). Polyacrylonitrile fibers used in its 
construction contain only 5-10% of the PCM, the total 
enthalpy is 4.2-8.4 J/g. However Lyocell fabric type, 

composed of 33% in PCM. Total enthalpy in this case is 
60 J/g [6]. 
 
Commercially available vests (with PCM) or with 
Outlast® have the poor performance. That is the cause, 
why new solutions are sought. 
 
Methods 
Currently, in studies at PCM, involving thermal manikin, 
are used research method which assumes that the 
temperature of the manikin's skin is equal to ambient 
temperature. It could compensate heat loss. 
For a better understanding tested PCM, other 
methodology of research will be apply. The manikin's 
mode Comfort will be used. Results obtained from both 
research methodologies will give a complete picture of 
the effectiveness of PCM. 
 
APPROACH 
In order to investigate the most effective adsorb heat from 
the human body, were selected PCM with melting 
temperature in range 28 ÷ 31 ° C. The research literature 
shows that this range temperature should be the most 
optimized for using the PCM for the human body [7-8]. 
 
Two thermal manikins: DIANA and NEWTON will used 
in the proposed method. 
DIANA is a thermal manikin, which consists of 16 
independently controlled segments. 
NEWTON is also a thermal manikin, which consists of 32 
segments, with the possibility of sweating, breathing and 
walking. 
 
The internal temperature of the manikin's body will be set 
at 36.4 ° C. Then on the all independently controlled 
segments, the temperature of the skin will be adequately 
mimic human skin temperature. This temperature will 
dynamically respond to changes in surrounding 
environmental. After putting on tested clothing, based on 
changes provided by the individual segments, we can 
determine how the PCM behaves on individual segments 
in a given external environment. 
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Fig. 2 The expected outcome research of impact of PCM

This method is based on research in a climate chamber 
under controlled temperature conditions. Air temperature 
will change from a lower value than the melting point of 
the test compounds (state 0 - to prevent too fast 
"activation" PCM), to the temperature above the melting 
point (state 2 - to be able to see the whole scope of the 
PCM).

CONCLUSION

Comparison of results obtained by heat flux from each 
segments of the manikin, for garments without and with 
PCM and including sweating, will allow to draw 
conclusions about tested PCM. We will be able to 
determine at what point, there is a phase transition, and 
how long continued effect of the heat receiving PCM.

The resulting comparison will help us to better know the 
tested PCM. Obtained data will also allow to take into 
account the sweating - whether and how it affects at the 
heat flux.
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PCM, phase change material, protective clothing
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ABSTRACT  
To go further in using the five senses of human in 
the textile industry for fabric and garment 
assessment, a new approach in sensory analysis has 
been introduced in order to identify the acoustic 
imprint of the textile material. For that purpose, a 
specific training of a human panel has been 
established using a set of attributes related to their 
perception of sound generated by friction of two 
textile surfaces between them. This approach would 
like to mimic the perception of the sound being 
generated by the friction of dressed clothes. A novel 
equipment for measuring and recording this sound 
during walking and running has been designed. 
Different parameters have been investigated, 
including the speed of movement, pressure forces 
and surfaces involved in the friction. This equipment 
will be integrated into recording enclosure with well 
defined acoustic properties.  
 
INTRODUCTION  
Sensory evaluation implements techniques that use 
human senses (hearing, taste, smell, touch and sigh) 
to measure the sensory or hedonic quality of a 
product. In addition, human is the only “instrument” 
able to take into account several characteristics of 
the product in the same time, to transmit 
multidimensional information and to communicate 
verbally the appreciations [1]. Sensory analysis, 
which began in the sector of the food industry, is 
already introduced into the textile sector by studies 
that have been carried out on touch and vision. The 
objective of our study is to listen to the textile when 
it is wiped and try to investigate whether the 
generated sound can be estimated as a parameter 
depending on the nature of textile material. This 
physical phenomenon has been very rarely studied, 
and studies that gives the correlation between 
acoustic and friction are relatively recent, like the 
study of the most fundamental aspect of friction in 
agreement with an acoustical process, to compare 
the sound level of skin during ageing [2]. 

 
       Figure 1:  Sound Level of skin during ageing. 

 
The study of the acoustic signature of the friction of 
the textile surface may reflect the status and the 
structure of material. A tribological behavior of 
textile surfaces has been studied. It has been found 
that the roughness of twill cotton fabric affects the 
spectrum of acoustic wave applied to the fabric [3]. 
 
 

 
 

Figure 2:  Spectrum of acoustic wave applied to a 
twill cotton fabric  

 

 

 

 

 



THE CHAIN OF ACOUSTIC MEASUREMENT 
                                        01 
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 Figure 3: the steps of acoustic measurement. 

ACQUISITION DEVICE OF ACOUSTIC  
The acquisition device of the acoustic emissions for 
the specimens used in this study consists of three 
modules. The first module is a mobile specimen 
holder driven by a back and forth motion, that 
simulates the body movement of a human being 
walking and/or running. The simulation parameters 
have been identified by means of the video records 
of two volunteers (man and woman) with a medium 
corpulence, (Figure 4). The second module is an 
enclosure with a fixed specimen holder inside. The 
enclosure is acoustically insulated and equipped by a 
microphone in the middle of it at a precise distance 
from the sample holder. The third module is the 
acquisition module driven by a computer and 
equipped with acquisition card. 
 

 

 
 
 
 
CONCLUSION 
This study is a new approach in introducing hearing 
sense as a new entrance for sensory analysis applied 
to textile products. The innovative dispositive, will 
lead to introduce this component in the specification 
sheet of the textile products if needed.  
 
PERSPECTIVE  
Tests will be carried out in order to analyze data 
from noise acquisition device and a final 
determination of their characteristics will be based 
on the simulation of the real motion of volunteers on 
a treadmill. The obtained results will be the matter 
used for the determination of the attributes. 
Moreover, in a second phase, they will be presented 
randomly to the panelists; they will be used as 
training tools [5]. In the final phase, the acoustic 
evaluation of several fabrics will be performed, and 
results of acoustic imprint as well of proficiency of 
the panel will be analyzed by using the classical 
statistical methods [6]. 
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 Figure 4: Two volunteers in walking mode [4] 
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INTRODUCTION

Carbon nanotube (CNT ) reinforced composite materials
are hot research issue now[1-5], but continuous 
SWNTs/polymer composite nano-scale fiber filaments 
still can not be successfully prepared by electrospinning. 
In this paper, continuous filaments constructed of nano-
scale PA6/SWNTs fibers in single-axis orientation were 
obtained by an improved wet-electrospinning technique
[6] and the effects of solution flow rates, spinning voltage 
and winding speed by different SWNTs treated methods 
on the mechanical properties of PA6/SWNTs nanofiber 
filaments were studied. The mechanical capability of 
demonstrating electrospun PA6/SWNTs nanofiber 
filaments and other performance such as electrical 
property could have a profound impact in various 
potential application areas, including high-performance
structural materials, smart textiles, and strain sensor.

EXPERIMENT

Sample preparation

The acid and amide functionalized SWNTs were 
dispersed in 88wt% formic acid firstly, after that added 
pure polyamide 6 pellets (Sigma Aldrich Inc.) into the 
solution, the concentration was 25wt%. Electrospun 
nanofiber filaments were fabricated at different solution 
flow rates, spinning voltages and winding speeds with 
home-made equipment.

Measurements of structures and properties

SEM (HITACH S-4800) was employed to characterize 
the morphology of the longitudinal surface of the 
filaments. The mechanical property of the filaments was 
tested by Instron 3365 mechanical testing machine with 
gauge length 10mm, crosshead speed 10mm/min, initial 
tension 0.1cN, strength and elongation resolution 0.01cN 
and 0.01mm. 

RESULTS AND DISCUSSION

Effect of winding speeds on structures and properties 

of PA6/SWNTs nanofiber filaments 

Fig.1 shows SEM images of PA6/SWNTs nanofiber 
filaments with different winding speeds. The spinning 
voltage was 20KV and the flow rate was 0.09ml/h. The 
changes of the mechanical properties were listed in Table 
1. From Fig.1, we can find that, with the increase of the 
winding speed, the degree of fiber orientation 
arrangement obviously improved.

Fig1. SEM images of PA6/SWNTs filaments with 
different winding speeds

Results listed in table1 revealed, when the winding speed 
increased at the range of 50-200rpm, the initial modules 
and breaking stress increased, but the breaking elongation 
decreased, however, when the winding speed reached 
250rpm, the breaking stress wasn’t enhanced 
continuously. 

Table1 Mechanical properties of PA6/SWNTs nanofiber
filaments on different winding speeds

Winding 
speed/ rpm

Breaking 
stress/Mpa

Breaking
strain/%

Initial 
module/Mpa

50 19.6±6.4 61.5±9.6 159.5±45.2

100 33.8±5.4 61.7±8.7 396.5±64.2

150 55.2±12.9 51.7±19.6 675.8±196.6

200 79.7±5.8 53.7±5.1 1024.4±180.5

250 41.6±9.1 55.1±7.2 588.8±145.5

300 70.7±11.8 49.8±13.6 840.1±248.8

Effect of voltages on structures and properties of 

PA6/SWNTs nanofiber filaments
Fig.2 shows SEM images of PA6/SWNTs nanofiber 
filaments with different spinning voltages. The winding 
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speed was 150rpm and the flow rate was 0.09ml/h. The 
changes of the filaments diameters and the mechanical 
properties were listed in Table2. With the increase of the 
voltage, both the breaking stress and the initial module 
firstly increased and then decreased, the breaking strain 
varied randomly. 
 

 
Fig2. SEM images of PA6/SWNTs filaments with 
different spinning voltages 

Table2 Mechanical properties of PA6/SWNTs nanofiber 
filaments on different spinning voltages 

voltage
/ kV 

Breaking 
stress/Mpa 

Breaking 
strain/% 

Initial 
module/Mpa 

16 61.2±20.4 61.8±10.8 523.7±165.6 

18 70.3±16.2 52.1±16.1 657.5±183.6 

20 55.3±12.9 51.7±19.6 675.8±196.7 

22 49.6±9.2 57.5±5.6 520.4±189.1 

24 31.6±2.9 45.1±3.2 490.2±70.2 

 
Effect of spinning flow rates on structures of 
PA6/SWNTs nanofiber filaments 
The spinning voltage was 20KV and the winding speed 
was 150rpm. As it shows in Fig.3, with the increase of the 
spinning flow rates, the degree of fiber orientation 
arrangement improved, the quality of fibers with curved 
and unsmooth surface decreased.  
 

 
Fig3. SEM images of PA6/SWNTs filaments with 
different spinning flow rates 

Mechanical properties of PA6/SWNTs nanofiber 
filaments by added SWNTs with different treated 
methods 
Fig.4 shows mechanical properties of PA6/SWNTs 
nanofiber filaments by added SWNTs with different 
treated methods. From Fig.4 we can easily find that 
compared to the filament with acided SWNTs, the 
breaking stress of PA6/SWNTs nanofiber filaments with 
amide functionalized SWNTs increased obviously, up to 
79.75MPa from 43.42MPa, further more, the initial 
module is also increased about 100%. For the amide 
functionalized SWNTs, the amine terminated SWNTs 
have stronger interaction with the formic acid molecules 
than the carboxylated SWNTs[7]. 
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Fig.4 mechanical properties of PA6/SWNTs nanofiber 
filaments by added SWNTs with different treated 
methods 
 
CONCLUSION 
(1)The results show that winding speed , voltage and 
spinning flow rate obviously improves the alignment of 
fibers and mechanical property of the filaments. 
(2)Compared to the nanofiber filaments with adding 
acided SWNTs, the breaking stress and intial module are 
sharply improved with adding amide functionalized 
SWNTs. 
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ABSTRACT  
A method for evaluating the in vitro viscoelatic properties 
of vascular grafts is presented. Quasi-static and dynamic 
compliance tests were carried out on PET (Polyethylene 
terephtalate) grafts having 8 mm diameter and wall 
thickness between 0.3 and 0.9 mm. Circumferential 
tensile properties have also been determined in order to 
evaluate the mechanical behavior. The comparison 
between the hydrostatic force method and the tensile force 
method is presented in this work. 
 
INTRODUCTION 
Vascular grafts are widely used for a number of medical 
treatments including bypass surgery for atherosclerosis 
and vascular access for hemodialysis [1,2]. The challenge 
for producing vascular grafts is to engineer vascular 
replacements that can withstand pulsation, flow rate and 
the high blood pressure. The establishment of criteria and 
ideal requirements which the arterial grafts have to meet, 
remains an important issue for suppliers, surgeons and 
patients. The major problem resides in the identification 
of reliable tests to judge the efficiency of those 
alternatives. However, during the development of such a 
test, experimental conditions, laws of behavior and the 
environment of prostheses in the human body should be 
imperatively considered. 
 
APPROACH  
Experimental studies on the compliance properties at 
different values of internal pressure, temperature, and 
axial force were performed on a device which allowed us 
to measure the internal pressure, axial force, and 
circumferential and longitudinal deformations on the 
vascular prostheses. The schematic of a simple, versatile, 
laboratory device is shown in (Figure 1). One can 
measure the load required to hold the specimen to its 
initial or in situ length, the load-elongation and the 
hydrostatic pressure-radial strain curves. The internal 
pressure is controlled by a transducer. Axial stretch is 
induced by a sliding mechanism and the force transducer 
records the force generated. The tests can be conducted 
while the sample is immersed in a physiological solution 
maintained at a certain temperature. The sample is loaded 
by internal pressure from 30 to 240 mmHg in steps of 
desired values, e.g. 20 mmHg. The in situ length L0 and 
the initial diameter D0 are recorded at 30 mmHg. 
Diameter measurements are taken by a video camera with 
a post-processing image analysis. This technique permits 
us to measure the maximal external diameter (on the 

crests of crimps), the minimal external diameter (in the 
valleys of the crimps), the mean external diameter, and 
the longitudinal elongation. The device can be rigged for 
continuous increase in length and automatic recording of 
force. One can calculate and save the values of the radial 
compliance [3], defined as: 
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Figure1. Diagrammatic representation of the hydrostatic 
pressure-strain experimental device. 
 
The circumferential tensile tests were conducted in 
accordance with the standard ISO 7189 “Cardiovascular 
implants-Tubular vascular prostheses” [4]. These tests 
were performed using a dynamometer Adamel Lhomargy 
(MTS/20) controlled by the software "Test Works 4". The 
device consists of two stainless steel plate assemblies, the 
lower assembly is fixed while the upper is movable. A 
graft specimen is cut carefully to a given length, and 
slipped over the two smooth hemi-cylinders held in holes 
of the arms extending from the plates (Figure 2). The 
specimen is then stretched to a given value of peak force 
and the load-elongation data is collected [5].  
 

 
Figure 2: Tensile tests on tubular samples: Device for 
holding sample on the dynamometer. 
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RESULTS AND DISCUSSION 
The compliance results confirm the importance of the 
wall thickness effect on prostheses behavior (Figure 3). It 
is noted that the prosthesis P1 (with wall thickness of 0.3 
mm) is more compliant in diameter, whereas the 
prosthesis P3 (with wall thickness of 0.9 mm) is the least 
compliant. The mean external diameter of the prosthesis 
P1 experiences an increase of 0.7 mm for an internal 
pressure between 30 and 240 mmHg. Thus, low wall 
thickness of P1 makes it more deformable and less 
resistant to pressure [6,7].   
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Figure 3. Stress-strain curves obtained from hydrostatic 
pressure test on graft samples. 

 
In the tensile method, involving a circular shaped tube of 
diameter D, the stresses imposed are largely absorbed in 
collapsing and flattening the tube and not in increasing 
the circumference or stretching the weft. In the 
physiological range of pressures, crimp exchange took 
place that led to differential sliding; the entire energy in 
the physiological range is absorbed in rearranging the 
geometry. The value of the tensile methods lie in their 
being simple and effective largely in ranking materials 
with respect to their potential for use as grafts or for 
studying the effect of a given material or construction 
factor on such potential. 

 
The method based on the hydrostatic pressure, however, 
simulates directly the in vivo conditions and will be the 
preferred method for evaluating the performance of a 
product in the final stages of its development. The 
fundamental difference between the hydrostatic force 
method and the tensile force method is that the stresses 
imposed are radial in the former and axial in the latter. 
Then, care is required when comparing compliance values 
obtained by different authors as they may have used 
different methods in calculating this parameter. Ideally, 
the volume or the diameter considered should be that of 
the tube of diameter lying half way between the inner and 
the outer surfaces; however, because of the difficulty 
involved in measuring or calculating this value especially 
when pressure is imposed, either the inner or the outer 
diameter values are usually considered. The wall 
thickness of the arteries being generally of the order of 
10% of the diameter, this introduces a variation of 
approximately 10% in the values of compliance if the 

values based on the internal and the external diameters are 
lumped together. 
 
CONCLUSION  
In summary, the technique of compliance measurements 
using hydrostatic force method provides a valuable tool to 
evaluate the viscoelastic behavior of vascular grafts. The 
circumferential tensile test allows us to deduce the 
circumferential tensile behavior of these arterial grafts 
and to validate the compliance testing results.  
 
KEYWORDS 
Vascular grafts, viscoelastic behavior, hydrostatic 
pressure, tensile force. 
 
ACKNOWLEDGMENT 
This research was funded in part through a grant by 
“Alfred Valentine Wallach foundation” and “Groupe 
Européen de Recherche sur les Prosthèses Appliquées à la 
Chirurgie Vasculaire”. This work has been supported by 
“Perouse Medical”.  
 
REFERENCES 
[1] Riepe G., Heilberger P., Umscheid T. et al. Eur J Vasc 

Endovasc Surg 1999; 17(1):28-34. 
[2] Seifalian A. M., Tiwari A., Hamilton G., Salacinski H. 

J Artif Org, 2002; 26:301-320. 
[3] Tai N. R., Salacinski H. J., Edwards A., et al. Br J 

Surg 2000; 87:1516-1524. 
[4] International standard ISO/DIS 7198, 1998; 

Cardiovascular implants; Tubular vascular prostheses. 
Constant; Load gauge 8.7.4.2 p:37. 

[5] Chakfé N, Diéval F, Wang L, et al. Ann Vasc Surg 
2008; 22: 402-411. 

[6] Chen J.H.. Laiw R.F., Jiang S.F. et al.  J Biomed 
Mater Res 1999; 48:235-245. 

[7] Inoguchia H., Kwon I. K., Inoue E. et al. Biomaterials 
2006; 27:1470–1478. 



Fire Retardant Nano-architectured Polyamide-6 Fibers

Mathieu Coquelle1, 2, 3, Jun Sun4, Sophie Duquesne1, 2, 3, Mathilde Casetta1,2,3, Sheng Zhang4, Serge Bourbigot1,2,3

1Univ Lille Nord de France, F-5900 Lille, France, 2ENSCL, ISP-UMET, F-59652 Villeneuve d’Ascq, 
France, 3CNRS, UMR 8207, F-59652 Villeneuve d’Ascq, France

4Beijing Key Laboratory on Preparation and Processing of Novel Polymeric Materials, Beijing University of 
Chemical Technology, Beijing 100029, China

Serge.Bourbigot@enscl.fr; mcoquelle@enscl.fr

INTRODUCTION

Polyamide 6 fibers are synthetic fibers made from 
semicrystalline polymer; they have a variety of use 
in the building industry, home textile, automotive
and aeronautics industries. In these sectors, flame 
retardant properties are required due to stricter fire 
safety standards, voluntary commitments from 
industry or governmental regulatory action. 

Polyamides are difficult to make durably flame 
retardant. An approach is the incorporation of 
additives in the fiber but issues because of their 
melt reactivities and high processing temperature 
(around 250°C) must be still overcome. Moreover, 
polyamide fibers face strong competition from 
polyester fibers, for which acceptable flame-
retardant solutions already exist. 

The objective of this paper is to find innovative 
flame retardant systems based on nanoarchitectured 
structures. The basic idea is to use smart 
nanoparticles namely, functionalized nanoparticles
by a flame retardant agent and/or a compatibilizer
permitting the control of the dispersion of the 
nanoparticles and the morphology of the 
nanocomposite in the flow during melt spinning. 
Nanoparticles exhibiting high aspect ratio such as 
carbon nanotubes (CNTs) are considered since 
literature reports that they better reduce the 
flammability of the polymers[1]. 

APPROACH

Carbon nanotubes (Nanocyl – NC7000) were 
selected to be incorporated in the PA6 matrix 
(Rhodia – PA6 technyl S-27). In order to control 
and to optimize the properties of the 
nanocomposites, both the influence of the 
processing parameters as well as the modification 
of the CNT were considered.

An experimental design was set up in order to 
determine the influence of different processing 
parameters on the extrusion-spinning process of the 

fibers with the NP and the morphology of the final 
fibers. Selected factors are: temperature, residence 
time, screws’ speed and type (standard or specially 
designed for nanoparticles dispersion). Two 
processing conditions are reported in Table 1. They 
correspond to the "extreme" conditions, that is to 
say the stronger and softer conditions.

Table 1: Processing conditions used in the 
experimental design
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The modification of the nanoparticle was also 
considered. The aim is to graft compatibilizer 
and/or FR agent on the nanoparticle. CNTs were 
carboxylated with a mixture of nitric acid and 
sulfuric acid (1:3 by volume). Then the carboxylic 
group was reacted with (a) 
hexachlorotriphosphazene (HCTP) and (b) Thionyl 
chloride then ethylene diamine (EtDA) (Figure 1). 

(a) (b)

Figure 1: modified CNTs (a) CNT-g-HCTP (b) 
CNT-g-EtDA

EXPERIMENTAL 

The nanocomposites were prepared using a micro-
compounder (15cm3 micro-compounder from DSM 
XPlore). The melt spinning ability was evaluated 
using a micro-scale apparatus (Micro fiber spin 
device from DSM XPlore). This first task is 
essential as the incorporation of additives can affect 
the mechanical properties and/or degrade the matrix 
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and thus this formulation could not be used for fiber 
application. Pyrolysis Combustion Flow 
Calorimetry (PCFC) (Fire Testing Technology - 
FAA Micro Calorimeter) was used to investigate 
the flammability of the formulations. Dispersion 
was characterized by optical microscopy (Keyence 
– VHX-1000) and Scanning Electron Microscopy 
(SEM) (Hitachi - S4700). Image processing and 
analysis was done using ImageJ software. 
 

RESULTS AND DISCUSSION 
Fire and thermal behavior of nanocomposite 
fibers 
Figure 2 shows the heat release rate (HRR) as a 
function of temperature of f1 and f12 containing 
non-modified CNTs and modified CNTs measured 
by PCFC. It shows that the fire behavior of the 
nanocomposites including 1% CNTs is similar to 
that of virgin PA6. Indeed, the HRR peak (PHRR) 
of virgin PA6 is 600 W/g compared to 578 W/g (f1) 
and 579 W/g (f12) for the fiber containing 1% 
CNT. 
 
The fire test shows that if CNTs are not modified, 
the behavior of the nanocomposites is similar to 
that of PA6. It could thus be assumed that the CNTs 
are not dispersed at the nano-scale in the matrix.  
On the opposite, when CNTs are modified with 
EtDA, fire behavior is enhanced. Indeed, the PHRR 
reaches the value of 508 W/g compared to 600 W/g 
for the virgin PA6 (15% pHRR reduction). 
 

 
Figure 2: HRR curves of (—) virgin PA6 (--) 
PA6/CNTs 1% f1 (−·) PA6/CNTs 1% f12 (··) 
PA6/CNT-g-EtDA 1% f1 (−·) PA6/CNT-g-EtDA 
1% f12 obtained in PCFC. 
 
Dispersion of additives inside the fibers 
SEM pictures of cryo-fractured and cold 
mounted/polished fibers were taken to characterize 
the dispersion. Only a few nanotubes could be 
observed suggesting that the CNTs were not 

nanodispersed. Optical microscope observations of 
the same fibers confirm this result (Figure 3) 
showing aggregates for both unmodified (a) and 
modified (b) CNTs, but smaller in this last case, 
with an average size of 1552 µm² for (a) versus 
24 µm² for (b). 
 

(a)  

(b)  
Figure 3: Optical microscope pictures of (a) 
PA6/CNT f1 fibers (b) PA6/CNT-g-EtDA f1 fibers. 
 
CONCLUSION AND OUTLOOKS 
Nanodispersion and control of the morphology are 
essential for enhancing the fire retardant properties 
of nanocomposites. This work shows that if non-
modified CNT are considered, the dispersion of the 
NP in PA6 is poor and hence the improvement of 
the fire properties is low. On the opposite, 
preliminary work with the modified CNTs is 
encouraging providing good results in terms of 
dispersion and fire behavior. Further experiments 
are still needed to improve the properties of the 
fibers, the dispersion at the nano-scale as well as 
the control of the morphology of the 
nanocomposite. 
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INTRODUCTION 
Cotton is the most abundant polymeric raw material in the 
world. This inexpensive, biodegradable, and renewable 
resource has been widely studied during the past decades. 
Cotton fabric has many useful properties, but for some 
applications, it lacks advantages of synthetic fabrics. 
Modification of cotton fabric by graft polymerization 
provides a significant route to alter the physical and 
chemical properties, including heat resistance, elasticity, 
resistance to abrasion and wear, oil and water repellency, 
ion-exchange capabilities, and antibacterial activity. [1] 
 
Atom transfer radical polymerization (ATRP) is one of 
the most broadly applied methods of living/controlled 
polymerization technique for its easy experimental setup, 
readily accessible, inexpensive catalysts and simple 
initiator.[2] ATRP relies on the reversible reaction of low-
oxidation-state metal complex with alkyl halide 
generating radicals and the corresponding high-oxidation-
state metal complex with a coordinated halide ligand. 
Recent study reported that ATRP of many hydrophilic 
monomers could be carried out in aqueous media.[3] Our 
group has previously reported the use of ATRP for silk 
grafting in aqueous media.[4]  So far, there is no literature 
about cotton fabric grafting using ATRP method.  
 
In the present work, cotton was grafted with DMAEMA 
through ATRP in water aqueous. And then the tertiary 
amino groups of immobilized DMAEMA polymer on the 
cotton fabric were quaternized with bromomethane to 
endow cotton fabric with antibacterial property.  
 
APPROACH 
Cotton macroinitiator was prepared by reacting BriB-Br 
with the hydroxyl groups present on cotton in the 
presence of TEA and DMAP catalysis for 24 h at room 
temperature. The grafting was accomplished by 
immersing the cotton macroinitiator into the reaction 
mixture containing DMAEMA, CuBr/PMDETA and  
deionized water in a 100 mL round-bottom  flask. After 
sealing it with a three-way stopcock, the flask was 
evacuated and back-filled with nitrogen, which was 
repeated three times. The mixture was placed in water 
bath and polymerized under oscillating at 80℃ for  2 h. 
Antibacterial cotton fabric was obtained by reacting  
the tertiary amino groups of immobilized DMAEMA 
polymer on the cotton fabric with bromomethane at 0°C 
for 3h, and then 30°C for 24h 
 
 
 

RESULTS AND DISCUSSION 
The optimal grafting technique  Through single factor 
experiments, the optimal grafting technic was obtained: 
0.238mmol/L of DMAEMA monomer, 0.376 mmol of 
CuBr, n (PMDETA) : n (CuBr) = 2:1, grafted under 
pH=9, at 80 ℃ for 2h.  
 
FT-IR spectra   FT-IR analysis was used to demonstrate 
the presence of polymer grafted onto the cotton surface. 
Obviously, in case of C-g-PDMAEMA samples there 
were additional characteristic peaks of carbonyl of ester 
groups at about 1724.1cm-1 compared with the spectrum 
of C-Br sample, and the strength of peaks at about 1152.2 
cm-1 attributed to C-O stretching vibration of ester 
increased with increasing of weight gain (Figure1). 
Thereby DMAEMA was confirmed to be grafted onto 
cotton fabric. A new adsorption peak at about 950cm-1, a 
characteristic peak of quaternary ammonium groups, 
presents in the spectrum of C-g-PDMAEMA sample. 
However, there was no this adsorption peak in the spectra 
of C-Br and C-g-PDMAEMA sample. It proved that 
quaternary ammonium groups were obtained by the 
quaternization of tertiary amino groups of immobilized 
DMAEMA polymer on cotton fabric. 

 
FIGURE 1. FT-IR of untreated cotton(a), C-g-PDMAEMA ((b)23.7%; 
(c)7.8%)and quaternized C-g-PDMAEMA(c) 
 
Surface characteristics  Figure 2 shows the surface of 
the C-g-PDMAEMA with different weight gain values. At 
low weight gain, the cotton surface was similar to that of 
the untreated sample, while at higher gain a thin 
polymeric film partly covered the fibers. As the weight 
gain further increased, the thicker film occurred on the 
surface of the cotton fabrics which attributed to the 
homopolymerization. However, the homopolymer was 
supposed to establish strong interactions with cotton by 
means of physical forces or chemical bonds, because it 
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was resistant to methanol treatments. And the 
homopolymer was not too much. Because in ATRP 
grafting system, there was no initiator in the grafting 
solution, theoretically the monomer could only react with 
the macroinitiator. 
 

 

FIGURE 2.  SEM photos of cotton with different weight gain. (a) 0%; 
(b) 2.4%; (c)7.8% (d) 23.7%. 
 

 
FIGURE 3 XPS wide-scan and C1s core-level spectra of untreated 
cotton(a and b) and C-g-PDMAEMA(c and d) 
 
XPS The chemical compositions of the C-Br and C-g-
PDMAEMA were determined by XPS. The respective 
XPS wide-scan and C1s core-level spectra(a and b) of the 
C-Br, and the respective XPS wide-scan and C1s core-
level spectra(c and d) of C-g-PDMAEMA are shown in 
Figure 3. The C1s core-level spectrum of the C-Br 
showed that untreated cotton contained three distinct 
peaks at 284.5(−C−C), 286.2(−C−OH) and 289.3 
eV(−COOH). These peaks were attributed to the bonds 
present in the cellulose and any residual surface 
contaminants (including asistant.17  A comparison of the 
wide-scan spectra of C-Br(Figure 4a) and C-g-
PDMAEMA(Figure 4c) surface indicated that the N1s 
signal, characteristic peak of nitrogen, appeared on the C-
g-PDMAEMA surface. After grafting treatment, the C1s 
spectra showed the peaks of nitrogen groups at 285.3 
eV(−C−N), and ester groups at 288.5eV(−O−C=O), 

which further confirmed that the DMAEMA monomer 
was grafted on the cotton surface.  
 
Antibacterial Property From Table I it can be seen that 
C-q-PDMAEMA with different weight gain had good 
antibacterial property to both S. aureus and E. coli. And, 
bacterial inhibition rate increased with the weight gain 
increasing. In addition, the inhibition rate of grafted 
cotton to S. aureus was better than to E. coli. With the 
washing times extending, bacterial inhibition rate just 
slightly decreased. Consequently, quaternized C-g-
PDMAEMA had great antibacterial property and perfect 
laundry resistance. 
 
TABLEⅠ The anti-bacterial properties of quaternized silk  

 
Weight 

gain 
(%) 

Inhibition rate 
after 0 times 
washing (%) 

Inhibition rate 
after 25 times 
washing (%) 

Inhibition rate 
after 50 times 
washing (%) 

S . 
aureus 

E. coli S. 
aureus 

E. coli S. 
aureus 

E. coli 

9.5 98.10 89.27 97.93 89.22 97.22 88.69 

16.2 98.27 91.07 98.11 90.38 97.35 89.56 

23.4 98.73 92.15 98.66 91.75 97.52 91.14 

 
CONCLUSIONS 
The results reported in this study showed that ATRP 
method for producing cotton fabric grafted DMAEMA 
was successfully developed. FT-IR, SEM, XPS results 
confirmed that DMAEMA was grafted onto the cotton 
fabric surface. FT-IR characterization of the C-q-
DMAEMA indicated that grafted cotton was quaternized. 
The bacterial inhibition rates of quaternized grafted cotton 
to S. aureus and E. coli were both over 88%, and just 
slightly decreased after 50 times of washing.  
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Introduction 
Self-cleaning materials have becoming increasingly 

attractive because they can save time and maintenance 
costs. The self-cleaning effect of a material can be 
obtained by coating with a photo-catalytically transition 
metal, as well as by sputter deposition and plasma 
exposure. The plasma exposure method is a new 
technology under development to produce a ‘Lotus leaf-
effect’ on polymer surfaces with nano-sized prominence. 
A lotus leaf exhibits a self cleaning effect owing to its 
hydrophobicity and rough surface. Water droplets roll 
easily over a lotus leaf because the contact angle of water 
on the leaf is > 140°. These droplets sweep dust or 
contaminants off the leaf as they move. Sputtering with 
plasma is an effective surface modification technique to 
produce a Lotus leaf-Effect on the surfaces of a PET film.  

Poly(ethylene terephthalate) (PET) has a wide range of 
potential applications owing to its excellent chemical and 
mechanical properties compared to other polymers. From 
this point of view, PET films were selected as model 
substrates. The main reactions initiated by plasma are 
etching reactions and addition reactions of new functional 
groups on polymer surfaces. The etching reactions are due 
to degradation of the polymer chains on the surfaces. As a 
result, the surface characteristics, such as the shape of 
prominence, contact mode, tapping mode, surface area, 
surface roughness, contact angle and surface energy, are 
changed.  
 
Experimental 
Materials: Poly(ethylene terephthalate) films with a 
thickness  of  75㎛ (Kolon Co.) were used as the sample.  
 
Plasma treatment: The samples were plasma-treated 
with hydrated O2 and O2/ CHF3  using a low vacuum 
plasma apparatus under the following conditions: 40kHz 
AC power, pressure of 100mTorr, and 570V for 1-7Min.. 
 
Surface characterization:  
Atomic force microscopy (AFM, Veecod 3100) was used 
to observe the surface morphology quantitatively. The 
chemical species of the films were characterized by 
ESCA using a PHI 5000 VersaProbe. The contact angle of 
the liquid on the film was measured using a  
 

 
 
Contangleometer(Elma). The surface energy was assessed 
by measuring the sessile contact angle. 
 
Results and Discussion 
Surface morphology 
Figure 1 shows typical results caused by etching the 
surface with O2 plasma (A-D) as a function of the plasma 
time. The magnitude of the prominence and surface 
roughness increased with increasing plasma exposure 
time. An additional surface treatment of the O2 plasma-
treated PET film with CHF3 plasma (E-G) decreased the 
height of prominence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. AFM image and section analysis of PET films (A: 
untreated, B: plasma-treated with O2 gas for 1min., C: 
4min., D: 7min., E: plasma-treated with O2 gas for 7min. 
+CHF3 gas for 1min., F: 5min., G: 10min.) 
 
Chemical changes  
The oxygen plasma treatment led to an increase in the 
O/C ratio. This suggests that the film treated with O2 
plasma led to an increase in oxidative functionality. The 
two-step processes of plasma treatment, oxygen followed 
by trifluoromethane (O2 →CHF3), resulted in an increase 
in the F/C and F/O ratios with concomitant decrease in the 
O/C ratio. 
 

 

mailto:kangis@changwon.ac.kr


Table 1. ESCA atomic ratios of the PET films treated 
with plasma  
 

Element 
Sample O/C F/C F/O 

P 

E 

T 

none 0.292 0 0 

O2 7min. 0.459 0 0 

O2 7min./CHF35min. 0.303 0.609 2.011 

 
Contact angle 
Figure 2 shows the contact angles of a deionized water 
and surfactant solution on the PET films treated with O2 
and CHF3 plasma. Significantly higher contact angles 
were observed on the plasma treated film, which indicates 
that the surface of the plasma-treated film was more 
hydrophobic than the virgin surface. 

O2 Plasma              O2/CHF3 Plasma 
 

Fig. 2. Effect of the treatment time and gas type on the 
contact angle of hydrophobic film treated with plasma 
 

Surface energy 
The PET film treated with O2 plasma exhibited an 
increase in surface energy in the first minute. On the other 
hand, the PET film treated with the O2-CHF3 plasma 
exhibited a significantly lower surface energy. The 
introduction of fluorine is effective in decreasing the polar 
force and surface energy of the film.  
 

 

 

 

 

 
 

 
 
Fig. 3. Effect of time and gas type of the plasma 
treatment on the surface energy of PET films in a 
water and surfactant solution. 
 

Conclusions 
This study is a preliminary investigation of the influence 
of a plasma treatment on the self-cleaning characteristics 
of substrates as function of the soil components in 
aqueous and non-aqueous media.  
 
Plasma treatments of PET with O2 and O2-CHF3 gases 
produced more hydrophobic surfaces with a reversible 
polar ↔ nonpolar transition. Therefore, plasma treatments 
is an effective surface modification technique to produce 
a ‘Lotus  leaf-Effect’ on the surfaces of  PET film. 
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ABSTRACT 
Droplet condensation and evaporation is a fundamental 
problem in many applications of fibrous materials 
including fiber filters, water harvesting, and functional 
clothing. Compared with the droplets on flat surfaces, it is 
more complex to mathematically describe the profile of 
droplets on fibers because of two reasons. One is two 
oppositely signed arcs of curvature co-exist at the contact 
line between the droplet and the fiber. The other one is 
droplet on fiber is generally non-rotationally symmetrical. 
So far, there is still no method to determine the gravity of 
non-rotationally symmetrical droplet on fiber. The 
problem of the supporting force to balance the gravity of 
droplet is also difficult to solve. In this work, shape 
change of droplets hanging from a horizontal fiber with 
respect to its weight is investigated experimentally. Based 
on several empirical expressions obtained by fitting 
experimental data, the gravity of droplet is calculated 
under different volume. To get the support force, a 
theoretical model is proposed. The predicted support force 
from the model has an excellent agreement with the 
gravity of droplet from experiment. 
 
INTRODUCTION 
Droplets on fibers are common in nature. For example, 
distinctive dew pearls tend to be formed on spider webs in 
the early morning [1]. Understanding the growth or 
reduction of droplets on fibers during condensation or 
evaporation is fundamental to many applications of 
fibrous materials including fiber filters [2-4], water 
harvesting [5], and functional clothing [6, 7]. For a small 
equilibrium contact angle and droplet volume, a droplet is 
almost symmetric with respect to the axis of fiber as the 
effect of gravity is relatively little. The profile of a 
symmetric droplet was successfully described by a set of 
differential equations derived by Carroll [8-10], Yarmaki 
and Katayama [11]. For a relatively large droplet, the 
influence of gravity cannot be ignored any more, the mass 
center of droplet will deviate from the axis of fiber and 
the droplet shape becomes non-rotationally symmetrical 
with regard to the axis of fiber. Lorenceau et al. [15] 
proposed a model to calculate the deviation of the mass 
center of asymmetric droplet from the fiber axis. They 
assumed the hanging droplet on a fiber is spherical, and 
the support force resulting from the horizontal fiber was 
equivalent to the force generated by two similar fibers 
radially pointing outwards [15]. Similarly, Mullins [4] 
also assumed the droplet to be spherical, but calculated 
the support force to overcome the gravity of droplet from 
an integral of the forces along the contact line at the two  

 
ends of a droplet. In reality, a droplet on a fiber is not 
spherical as shown in Fig. 1. At present, the gravity of 
droplet and its support force are calculated based on real 
profile of non-rotationally symmetrical droplet and a 
model of elliptical contact line. 
 
EXPERIMENT 
Figure 1 shows the shape change of droplet of silicon oil 
until the maximal droplet on a nylon fiber with radius 
0.04 mm. With the droplet profiles in Figure 1, four 
parameters are measured. They are height Rw from 
bottom to top of droplet, height Rl from bottom of droplet 
to the axis of the fiber, the lengths of droplet Lu and Ll on 
upper and lower surface along the fiber. In Figure 2(a) the 
relationship between dimensionless Rw and Ll is shown. 
In Figure 2(b), –Log10(Rw/Rwmax) is related to –
Log10(Rl/Rlmax), where Rlmax and Rwmax are the 
maximum of Rl and Rw. In Figure 2 the solid curve are 
fitting results of experimental data.  
 

 
Figure 1. Shape change of droplet of silicon oil on a nylon 
fiber with radius 0.04 mm. 
 

 
Figure 2. (a) the relationship between Ll and Rl, (b) the 
relationship between Rw and Rl. 
 
THEORY  
As shown in Figure 1, the mass center of droplet 
gradually descends with the volume of droplet increases. 
Although the contact between the droplet and the fiber 
destroy the circular profile along the fiber, the section of 
the droplet perpendicular to the fiber is approximately 
circular. So based on the empirical expressions from 
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experimental data, the gravity of droplet is calculated 
through integral of circular volume element along the 
fiber. For balancing the gravity of droplet, an upward 
force at the contact line between droplet and fiber must 
exit. Here, an elliptical contact line is proposed as shown 
in Figure 3 (boundary of the gray area). In a rectangular 
coordinate system, the y- and z-coordinates are 
perpendicular to the paper plane and ellipse, respectively. 
The center P  of the ellipse lies in the z-coordinate, point 
O  is the origin of the rectangular coordinate system. At 
each point of the elliptical contact line, there is a force 
tangent with the fiber surface and perpendicular to the 
contact line. This Force can be decomposed into a 
component parallel to and a component perpendicular to 
the fiber axis. The parallel component plays the role of 
deforming the shape of droplet from sphere. The 
component in the plane perpendicular to the fiber axis can 
be further decomposed into two components, viz. upward 
component and inward/outward component. It is the 
upward component that supports the gravity of droplet 
and makes the droplet hang from the fiber until the 
gravity is larger than it. After integral of the upward force 
along the elliptical contact line, an expression of the total 
upward force is given as:  

( )( )
2 2 2 2a 0

U E 02 2 2 2 20
0 0

a cos y sinF 8a cos dy
a y sin a y

ψ ψγ θ
ψ

+
=

− −∫   (1)  

In Eq. (8), Eθ  is equilibrium contact angle between the 
droplet of silicon oil and nylon fiber, γ  is surface 
tension,  a  is the radius of nylon fiber, ψ  is deviated 
angle of the ellipse from the section of the fiber.  

 

 
Figure 3. Elliptical contact line between droplet and fiber. 

                  
DISCUSSION AND CONCLUSIONS 
Figure 4 shows a comparison between the upward force 

UF  from theory model and the gravity GF  from 
experiment. Good agreement between them is found. This 
implies that present model of elliptical contact line can 
appropriately predict the support force of the gravity of 
non-rotationally symmetrical droplet. With the model, it 
will be great help to understand and simulate the 

condensation and evaporation of droplet in fibrous 
materials. This will be our next work. 

 
Figure 4. Comparison of theoretical results from present 
model with experimental results. 
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ABSTRACT 
Silk culture is one of the characteristics of chinese 
civilization. Silk has many properties which 
obvious different with other textile fabrics, such as 
the grace, softness and elegance etc, but the 
elegance property is the unique property of silk. 
Chinese silk culture penetrated into the cultural 
fields of every period in chinese history, at the 
same time, the chinese silk culture influenced all 
aspects of social life. The description of silk 
elegant feature appears frequently in the ancient 
poetry chapter which can be considered as the 
expression of the ancient scholar’s feelings. In this 
paper, the author explored the verse which 
described the silk elegant property from poetry 
which was published by ancient scholars during 
Wei Jin and Southern and Northern dynasties 
(220-581 A.D.) and various periods of the Tang 
dynasty (618-907 A.D.). The gracious culture of 
silk elegant property can be feeling by the 
consideration of the prevailing background 
characteristic and interpretation of mood 
connotation of those explored verse. 
 
KEYWORDS: silk elegant poetry; Chinese 
ancient culture; dynasty; background; connotation 
 
INTRODUCTION 
The cloth flowing form when the light and soft silk 
dress was wearing or blowing by wind can be 
considered as the elegance property of silk cloth. 
The feeling of elegance is a kind of visual sense 
and aesthetic realm, whose charm went on 
continuously. This phenomenon reached its peak 
during the mediaeval times. The beauty of silk 
elegant was displayed not only in artistic fields but 
also in literature and painting areas which 
expresses profound cultural connotation. In this 
paper, the characteristics of different cloth styles 
were unscrambled according to their popular 
period in ancient china. 
 
RESULTS AND DISCUSSION 
The fashionable clothing style during Wei Jin 
dynasty and Southern and Northern dynasties:  
loose gown with wide girdle. 
In Wei Jin Southern and Northern dynasties, 
people’s dressing style was not guided by the idea 
of “govern the world with regulations” of Qin 
dynasty. Both men and women, the noble and the  

 
 
base went for the fashion of ample gown and loose  
girdle, shown in Figure 1. 
 

  
Figure 1. The ample gown with loose girdle. 

 
It was described in Chin Shu Wu-hsing Chih that 
the small hats and loose clothes were so popular in 
the late Jin dynasty that it formed a fashion 
followed by all kinds of people in the society. 
Seemingly, Sung Shu. Lang Chou Legend has also 
written that a sleeve was wide enough to be cut 
into two, and so was a dress. In that period, the 
women’s dress looked beautiful and charming with 
the large cuffs, big length, and full lap. In Xiao 
Chuishou written by Liangjianwen emperor, we 
can find the sentence “when the lady dancing, the 
big sleeve wove.” At that time, a kind of female 
dress named “Chui-Xiao Housedress,” shown in 
Figure 2, was very popular. 

 
Figure 2. Chui-Xiao housedress. 

 
In Wei and Jin dynasties, under the influence of the 
elegant and graceful trend of metaphysics, people 
pursued an elegant effect in dressing style which 
represented an inner spiritual release. Therefore, 
the dressing style characterized by loose-sleeve 
pattern of dressing style that looked like a floating 
fairy corresponded to the aesthetic interest of the 
mainstream classes of that society. 
 
The fashionable clothing style during Tang 
dynasty: long dress with wide sleeve. 
In Tang dynasty, the plump lady was reorganized 
as beauty. Accordingly, women’s clothes in 
Mid-Tang dynasty tended to be loose and large, 
especially in the middle and late period of Tang 
dynasty. The formal female costume was formed 
by three components: blouse, dress, and shawl. 
Normally the cuff was as wide as more than four 
feet and the width of dress was bigger than that of 
late Sui dynasty. Most blouses were made of leno 
which delivered the elegant and graceful charm, 

mailto:zhangyuti999@sina.com


following the opening fashion. In Tang dynasty, 
people seldom wore underwear, and just used veils 
to cover their body. Women’s opening, free and 
charming style were vividly displayed by such 
sentences as “The lady’s skin can be seen through 
the silk and thread.” “A neighborhood lady was 
smiling at you with the silk dress half covering her 
chest.” Figure 3 shows a lady wears blouse with 
loose sleeve, dress, and shawl. 

 
Figure 3. The lady wearing blouse with loose 

sleeve, dress, and shawl. 
 
• dancing with long dress 
There are mainly two kinds of description of the 
elegance of dress in Tang poetry, one is formed 
through the wind blowing, such as the South song 
of Li Shang-yin painted a picture of a girl, wearing 
a fitness dress, shaking slightly on a breezing lake.  
The other is formed by the movement of the wearer, 
such as the picture painted by Dushenyan in his to 
beauty Zhaoshijun: under the blue sky and white 
clouds, surrounded by the peach blossom, bright 
pomegranate flower like skirt floating with the 
wind. The skirt in Tang dynasty was usually made 
up of six parts in vertical stitch called “six rivers 
flowing on the skirt” by poet Liqunyu and “skirt in 
six parts floating on the lake” by Sunguangxian.3 In 
the description of Menghaoran’s poem, this kind of 
skirt can sweep the flowers falling on the ground 
when worn by walking beauty. The beauty of skirt 
wafting is so romantic whether caused by breeze or 
walking. Southern and Northern dynasties poets He 
Si hui wrote in his meeting a beauty in South 
garden "wind breezes the grape like belt, sunshine 
lights the Garnet skirt",4perfectly described the 
graceful and elegant beauty of floating skirt. 
 
• dancing with long sleeve 
The vivid descriptions of long sleeves by ancient 
writers created an artistic conception of silk 
elegance. In Han Feizi, Wu Du in warrior 
period, we have "long sleeves help one to dance 
skillfully, and much money helps one to achieve 
success in business.”5 In ode of west capital by 
zhangheng, Han dynasty, we have the sound of 
waving long sleeves; in Bai Zhu Ci of Libai, Tang 
dynasty, we have “eyebrow go with the skirt like 
the snow flying in the sky”; Baijuyi depicted in his 
song of rainbow feathers garment, “the swirling of 
skirt is just like the cloud in the sky, it is so 
charming when the beauty dancing on the 
ground”.6 There are some improvements in Tang 
dynasty where the elbow part was made more 
generous and curving and the top of sleeves has 
obvious convergence, sleeve with this character is 
called wild sleeve. Libai described this kind of 

dancing in his Gaojuli “the dancing with wide 
sleeves is just like the birds flying from east sea”.7 
Mural of Wudaozi, famous painter in Tang dynasty, 
has shown its unique characteristics of wide sleeve 
dancing. 
 
• dancing with shawl and ribbon 
According to research, no matter in assyria, 
babylon, or ancient greece, people had the habit of 
wearing silk shawl. In china, shawl originated from 
Jin dynasty and became popular in Tang dynasty. 
In Tang dynasty, the narrow and long shawl 
rounded the lady’s back and shoulders. Bai Juyi, 
famous poet in Tang dynasty has ever described it 
as “wearing the raiment like rainbows and chaplet” 
in his poet The song of raiment of rainbows and 
feathers dance. In the flourishing years of the Tang 
dynasty, the Goddess Luo took the image of the 
young lady whose ribbon was twice or three times 
longer than her body height. The wandering texture 
floated in the sky naturally. The flying Apsaras in 
Dunhuang was characterized by the cloud, the 
floating dress, and the dancing colorful ribbon in 
the sky, shown in Figure 4. 
 

     
Figure 4. The flying Apsaras 

 
CONCLUSION 
The aesthetic feeling of silk elegance is a kind of 
perspective of the perceptual object –nature. It is 
Chinese silk, the ancient and special material that 
created the elegant charm and colorful aesthetic 
realm. It is expressed and inherited by the rich 
poetry of the mediaeval times and lets us realize 
the profound cultural connotation of the elegant 
silk. 
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INTRODUCTION 
Cyclodextrins(CDs) are produced by the enzymatic 
degradation of starch, and have toxicological and 
ecological advantages in the area of food, cosmetics, 
pharmaceutical and textile industries[1-3].  CDs are 
macrocyclic compounds comprised of glucopyranoses 
with the shape of torus. The most commonly used CDs 
are α-CD, β-CD, or γ-CD which contains 6, 7, or 8 
glucopyranose units, respectively. β-CD is used most 
widely owing to its productivity and cavity size. The inner 
diameter of β-CD cavity is 650pm[4], and β-CD can form 
host-guest complexes through the inclusion of 
hydrophobic molecules in the cavity. 
Sweat and sebum secreted from the body give rise to body 
malodor through the metabolism of microorganisms 
living on the skin. Body odor is a mixture of various 
volatile compounds, of which 1-octen-3-one and 
isovaleric acid are some of the stronger components[5,6].  
In this study, the amounts of 1-octen-3-one and isovaleric 
acid adsorbed on cotton, nylon 66, and PET fabrics, 
which were either untreated or treated with β-CD, were 
compared. Fabric samples were soiled with 1-octen-3-one 
or isovaleric acid, and the residual amount of the 
compound on the fabric after volatilization in the air or 
after laundering were also estimated. 
 
EXPERIMENT 
Cotton, nylon 66, and PET fabrics were used. For 
finishing β-CD, the fabrics were treated using the pad-
dry-cure process. The aqueous padding solution consisted 
of β-CD (10%w/v), 1, 2, 3, 4-butanetetracarboxylic acid 
(BTCA, 10%w/v) as a crosslinking agent, and sodium 
hypophosphite (5%w/v) as a catalyst. The fabric samples 
were passed through the bath and squeezed to give a wet 
pickup of 100%. The fabrics were dried at 85°C for 5 min. 
The cotton, nylon 66, and PET fabrics, were then cured at 
180°C for 2 min, 140°C for 30min and 160°C for 30 min, 
respectively. The β-CD finished fabrics were then washed 
thoroughly. The weight gain of the finished fabrics was 
determined by the increase in weight.  
 
The Moisture regains of the β-CD treated and untreated 
fabrics were determined by measuring the weight of the 
fabric samples after keeping at 20°C and 65% RH for 2 
days and after drying at 110°C for 2 hrs. 
 
Isovaleric acid and 1-octen-3-one were used as volatile 
organic compounds. Fabric samples were cut into 5cm 
x10 cm to compare the amounts adsorbed for 24 hrs 

between the untreated and the β-CD treated fabrics. Each 
of a 200μL aliquot of volatile compound was laid on the 
bottom of a glass cabinet and the fabric samples were 
suspended over the compounds. The fabrics were kept at 
25°C for 24 hrs. 100μL of isovaleric acid or 1-octen-3-
one was spotted on a fabric sample, 5cm x 10 cm in size, 
to measure the amount desorbed in the air for 24hrs and 
removed during washing. A fabric sample soiled with a 
volatile compound was laundered individually at 25°C for 
20min in a canister of a Launder-o-meter with 100mL of a 
washing solution containing 0.1% reference detergent 
(IEC 60456). The amounts of adsorbed and residual 
volatile compounds were measured by headspace GC-MS 
analysis.  
GC-MS analysis was carried out on a gas-chromatograph 
CP-3800 (Varian, USA) equipped with a quadrupole 
spectrometer detector 1200L (Varian). Analysis was 
performed on capillary columns (DB-5ms, 30m x 0.32mm 
x 0.25μm) with helium as the carrier gas, and the flow 
rate of helium carrier was 0.7mL/min. The GC method 
was initiated at 35°C and maintained for 15min, and the 
temperature raising rates were 3°C /min to 150°C and 
10°C/min to 250°C, and then it was kept at 250°C for 
5min. The injector and the transfer line were set at 250°C. 
All MS analyses were performed in the electron 
impact(EI+) mode at 70eV, the mass range was from 30 
to 700m/z and the chromatogram was acquired in a total 
ion current(TIC). One sample swatch was put into a 20-
mL clear glass vial with a silicone/PTFE screw cap, and 
exposed in the headspace (HS) for 5min at 80°C. After 
exposition, the swatch was retract into the holder and 
exposed for 4 min at the injector temperature of 250°C. 
 
RESULTS AND DISCUSSION 
The regain of the cotton fabric decreased with the β-CD 
finish. In contrast, the regain of nylon 66 and  PET fabrics 
was increased with that of PET fabrics increasing the 
most. This result was attributed to β-CD having a  toroidal 
shape with a hydrophobic inner cavity and multiple 
hydroxyl groups. 
 
TABLE 1. Characteristics of the β-CD finished fabrics  
 

Fabric Weight 
(g/m2) 

Weight gain: 
β-CD finish 

(%) 

Regain (%) 

Control β-CD 
finish 

Cotton 115 10.0 7.0 5.3 
Nylon 66 65 14.0 4.0 4.4 

PET 72 16.5 0.3 2.2 



The amount of 1-octen-3-one and isovaleric acid adsorbed 
onto fabrics, which were suspended for 24hrs in the 
closed glass cabinet laying a 200μL of each compound, 
were extremely small amounts, even though the odor 
from the fabrics could be recognized. The unfinished PET 
fabric adsorbed more 1-octen-3-one than the other 
unfinished fabrics, but the unfinished fabrics adsorbed 
similar amounts of isovaleric acid. There was little change 
in the amounts adsorbed when the fabric was finished 
with β-CD, except with the PET fabric showing a 
decrease in 1-octen-3-one and nylon 66 showing the 
increase in isovaleric acid.  
 
Residual amounts of 1-octen-3-one or isovaleric acid on 
the fabrics, which had been spotted evenly with 100μL 
and exposed to air for 24 hrs, were measured. Among the 
β-CD unfinished fabrics, cotton contained the highest 
amount of 1-octen-3-one and isovaleric acid, followed in 
order by PET and nylon 66. In particular, cotton had a 
greater 1-octen-3-one content than the other fabrics. The 
residual amount of 1-octen-3-one and isovaleric acid on 
the cotton and PET fabrics after volatilization decreased   
but that on nylon 66 increased as the fabrics were finished 
with β-CD.   
 
Isovaleric acid was not detected on the laundered fabrics, 
but 1-octen-3-one was left on all the fabrics. Isovaleric 
acid is more polar and more easily removed easily than 1-
octen-3-one. As the fabrics were finished with β-CD, less 
1-octen-3-one was removed from the cotton, but more 
was removed from the PET fabric. The relationship 
between the polarity of the substances and that of soil 
appear to affect the removal during laundering. 
 
β-CD finished fabrics did not always reserve more 
volatile aliphatic compounds in this study, though β-CD 
finished cotton fabric retains more aromatic oil than  
untreated  cotton fabric[7]. This difference came from the 
enclosed materials in the inner cavity of β-CD. 
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Figure 1. Amounts of volatile compounds adsorbed on the 
fabrics for 24 hours in a closed cabinet. 
 

0

500

1000

1500

2000

 

 

 

 Untreated            B-CD 10%

Y 
Ax

is 
Ti

tle

 
PET

1-octen-3-one

 Cotton Nylon PET
Iso valeric acid

Cotton Nylon

 
 
Figure 2. Residual amounts of volatile compounds on the 
fabrics, which had been soiled with the compounds after 
being left in the open air for 24 hours.  
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OBJECTIVES 
This paper aims to present a novel coloration approach for 
silk fabric using gold nanorods with different shape and 
size. Gold nanorods were prepared and successfully 
employed as colorants to modify the silk fabric through 
deposition process. The modified silk fabric samples 
inherited the optical properties of the gold nanorods and 
their resulting color attributes are similar to that of their 
corresponding nanorod solutions. The existence of the gold 
nanorods on the surface of the modified fabric samples was 
confirmed and the surface observation of the modified silk 
fiber indicated that the morphologies of the nanorods 
assembled on the fibers remained unchanged. The 
deposition mechanism of the gold nanorods on silk fibers 
was proposed as the electrostatic interaction between the 
gold nanorod solutions and the silk fibers. 
Keywords: colorant, silk, gold nanorods, morphology, 
electrostatic interaction 
 
INTRODUCTION 
Instead of the colorless metallic appearances in bulk size, 
metal particles exhibit unique optical properties in 
nanoscale. The color of metal nanoparticle solution is based 
on surface plasmon resonance (SPR) effect which depends 
on nanoparticle morphology including shape and size. [1, 2] 
Approaches to apply gold nanoparticles as colorants for 
textile fabrics have been presented in recent years. [3-6] 
However, most of the gold nanoparticles used in the 
reported works were of spherical shapes and the uses of 
gold nanoparticles of non-spherical shapes in textile 
coloration are still limited. 
In present study, non-spherical Au nanorods were 
synthesized and applied as colorants for textile fabric. The 
Au nanorod solutions with three different colors were 
integrated with silk fabric providing them various color 
effects. 
 
APPROACH 
Materials 
Synthesis of gold nanorods 
Characterization of gold nanorods 
Coloration of the silk fabric by gold nanorods 
Characterization of the gold nanorods modified silk fabric 
 
 
 
 
 
 
 
 

RESULTS AND DISCUSSION 

 
Figure 1. The gold nanorod solutions: (a) Nanorod I, (b) Nanorod 
II and (c) Nanorod III. 
 

 
Figure 2. Extinction spectra of the Au nanorod solutions I, II and 
III. 
 

 
Figure 3. TEM images of the Au nanorod solution samples: (a) 
Nanorod I, (b) Nanorod II and (c) Nanorod III. 
 
Figure 1 presents the Au nanorod solutions with different 
shape and size appear in variable bright colors. Figure 2 
shows the absorption spectra of the Au nanorods. The 
absorption bands centred at different wavelengths are 
attributed to the Au nanorods with different shape and size. 
The TEM images of the Au nanorods in Figure 3 also prove 
the shape and size of the Au nanorods respectively.  
 
 
 
 



Table 1. Length, width, aspect ratio and the longitudinal plasmon resonance wavelength of the Au nanorod solution samples. 
samples length (nm) width (nm) aspect ratio wavelength (nm) 
I 35.0 (3.3) 19.7 (1.6) 1.78 (0.16) 584 
II 38.9 (3.4) 20.5 (1.7) 1.90 (0.21) 593 
III 47.3 (3.9) 18.9 (1.6) 2.51 (0.20) 657 

 

 
Figure 4. Digital images of the silk fabric samples modified by Au 
nanorod solution: (a) Nanorod I, (b) Nanorod II and (c) Nanorod 
III. 
 
Figure 4 presents the digital images of the Au nanorods 
modified silk fabric samples. After coloration, the Au 
nanorods have been deposited onto the surface of silk fibers 
and the colors of the fabric samples had been changed in 
accordance with the colors of the Au nanorod solutions. 
These results are further confirmed by the SEM images. 
The results indicate that the Au nanorod solutions with 
different colors provide the silk fabric samples 
corresponding color effects. 
 

 
Figure 5. Magnified XPS spectrum of the modified silk fabric 
sample. 
 

 
Figure 6. SEM images of (a) the original silk fiber at ×120,000 
magnification, (b) Au nanorods I modified silk fiber at ×120,000 
magnification, (c) Au nanorods II modified silk fiber at ×120,000 
magnification and (d) Au nanorods III modified silk fiber at 
×120,000 magnification. 
 
 

Figure 5 shows the existence of Au nanorods on the fabric 
surfaces is confirmed by XPS. Figure 6 presents the SEM 
images of the surface appearances of both the silk fiber with 
and without modification by the Au nanorods. These results 
confirm that the Au nanorods are adsorbed on the surface of 
the silk fabric samples. 
 

 
Scheme 1. Proposed mechanism for the adsorption process of gold 
nanorods on silk fiber. 
 
Based on the mechanism for the gold nanoparticles 
adsorption suggested by Nakao and Kaeriyama, the 
interaction between the gold nanorods and silk fibers can be 
considered as electrostatic interaction (Scheme 1). [7] 
 
CONCLUSIONS 
This study shows gold nanorods can be used as colorants 
for silk fabric. Gold nanorods were successfully prepared in 
aqueous solution. After coloration, the silk fabric appears in 
different colors derived from the Au nanorod solutions. The 
resulting colors of the modified silk fabric samples show 
that the color effect of the modified fabric is similar to that 
of the original solution. The obtained XPS data confirms 
the existence of gold nanorods on the surface of the 
modified silk fabric. The SEM images further prove the Au 
nanorods were successfully assembled onto the surface of 
the silk fiber and the color effect generated on the modified 
silk fabric is provided by the Au nanorods with strong 
optical properties. The proposed coloration mechanism 
suggests that there is an electrostatic interaction between 
the negatively charged silk fibers surface and the CTAB 
molecules surround the gold nanorods. 
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ABSTRACT 
The aim of this project is produce woolen fabrics 
which have better clothing comfort thereby has high 
added value. New woven fabrics were produced by 
blending wool and regenerated fibers. And then, the 
thermal comfort and performance properties were 
tested. 
 
Key words: Wool, woven fabrics, thermal comfort, 
regenerated fibers. 
 
INTRODUCTION 
The expectations from textile garments are changed 
by the developments in textile technology and rising 
living standards. People wants to protective textile 
products like U.V. protective, radiation protective, 
anti-microbiological etc. Also they want to be 
comfortable in these garments. So recently, clothing 
comfort is seen as an important property for garments 
[1]. 
 
The term of clothing comfort can be defined as the 
absence of unpleasantness or discomfort. Clothing 
comfort entails three main considerations: thermo 
physiological comfort, psychological comfort and 
sensorial comfort [2].  
 
The most important parameter is thermal properties 
for comfort that indicating the harmony between the 
human and the environment in terms of physiological, 
psychological and physical properties. Thermal 
comfort of the garments is about the properties of heat 
and moisture permeability. Besides, air permeability 
properties of fabrics are very important parameter for 
clothing comfort [3]. This property determines that 
garments’ breathability and obtain the air circulation 
in the micro-climate. Thus, it helps the body to 
removal excess heat more easily [2]. 
 
Wool fiber has some important properties, such as; 
keep warm, breathable, absorb moisture, odor 
absorbing capability, softness, flame retardant,  

 
biodegradable and suitable for recycling; that are 
indispensable for textiles [4]. But there are some 
difficulties about using %100 wool fabrics. Because 
of its itchy effect and also wool take the sweat but it 
transfers small amount of it. Wool blended fabrics 
have more permeability than %100 wool fabrics. So 
it is better for clothing comfort to use wool blended 
fabrics [5].  
 
For increasing the comfort properties, especially 
water vapor permeability of wool fabrics and 
reducing the cost of final product, we tried to use 
some regenerated fibers.  
 
APPROACH 
The aim of this project is produce the fabrics which 
have better clothing comfort thereby has high added 
value. Thermo physiological properties of various 
woven fabrics produced by using different fibers 
were studied. For this aim, wool were used with silk 
fibers due to its moisture absorbency, softness and 
lightweight; soy yarns which have adjustable heat 
properties, soft handle; modal® due to its strength, 
softness and moisture permeability; viloft® due to 
thermal insulate, light weight, soft hand; in the 
woven fabrics. Sample codes and some properties of 
these fabrics were shown in table I. 
 
After weaving, calendaring process was applied to 
fabrics. The reverse side of the fabric touches the 
cylinder at 120 °C and 30 bar pressure. Then, the 
shear process was applied and fabrics were waited in 
steam boiler. 
 
In this project, comfort properties (thermal 
resistance, thermal absorption, water vapor 
permeability and air permeability), physical 
properties (thickness and weight) of new fabric 
types will be measured. After that statistical analyses 
will be done. 
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Table I: Sample codes of woven fabrics 
Sample Code Warp Yarn Weft Yarn Structure Weight (g/m2) 

A %100 wool %100 wool 2/2 Twill 260 
B %100 wool %50 wool/%50 silk 2/2 Twill 158 
C %100 wool %100 soy 2/2 Twill 168 
D %100 wool %100 modal 2/2 Twill 152 
E %100 wool %50viloft/%50 Pes 2/2 Twill 152 
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INTRODUCTION  
Untreated and fire resistant treated cotton fabric 
was used as a template to create macro sheets of 
graphene. Graphene is a one atom-thick material 
made up of sp2-bonded carbon atoms. Its unique 
properties include high electrical and thermal 
conductivity, the quantum Hall effect, massless 
transportation properties, and strong mechanical 
properties [1-5]. Fabric was treated with 
graphene/pyrene-derivative suspensions and 
annealed at 700 degrees in a furnace under argon 
flow. Gaps between separated graphene sheets 
were apparently fused by the aromatic molecular 
surfactants to form graphene-coated pyrolytic 
carbon. The result was a graphene “skin” created 
on the pyrolytic carbon scaffold that contributes 
relatively high electrical capacity. This occurs 
because of porous structure of graphene sheets 
and the high surface area of the pyrolyzed 
carbon with a shell-core structure. 
 
APPROACH  
A graphene suspension was synthesized from 
natural graphite flakes by a method similar to 
that described by He et al[6]. A stock solution of 
Py-SO3 with a series of concentrations was 
prepared in deionized water by vigorous stirring 
for 1 hour. Graphite powder was added to the 
resultant solutions with the weight ratio between 
the pyrene derivatives to the graphite powder of 
2:1. Direct exfoliation of graphite to graphene 
sheets was performed by bath sonication of the 
obtained mixture solutions for 1 hour. The 
exfoliation process was monitored by monitoring 
the fluorescence ultraviolet-visible absorption 
spectrum at the beginning and end of the 
exfoliation period. The obtained grey suspension 
was used directly to prepare a graphene coated 
textile by annealing. 

Graphene-coated pyrolytic carbon 
Graphene sheets were produced on cotton fabric 
by using a method similar to that described by 
Cui et al [7] to coat cotton fibers with carbon 
nanotubes. The isolated dispersions of exfoliated 
graphene sheets were first examined. They were 
pipetted onto a mica sheet and dried. These 
sheets were then imaged with atomic force 
microscopy (AFM) The fluorescence spectrum 
of the graphite dispersion in Py-SO3 was 
monitored using a fluorescence 
spectrophotometry. The morphology, 
microstructures and EDX analysis of the 
graphene-coated pyrolytic carbon were 
characterized using scanning electron micro 
-scopy. Electrochemical charge/discharge 
performance of the graphene-coated pyrolytic 
carbon was evaluated using button coin cells 
assembled in a high purity argon filled glove box. 
Charge (lithium insertion) and discharge (lithium 
extraction) were conducted. 
 
RESULTS  
Atomic force microscopy (AFM) showed that 
the size of the graphene patches were in the 
micrometer range. Variation in the thicknesses 
were analyzed and attributed to the possible 
inhomogeneous coverage of Py-SO3 molecules 
on the graphene surface. The coverage was not 
uniform and there were holes in the surfaces, 
with diameters ranging from 2nm to 500 nm 
randomly arranged on the graphene sheets. 
Fluorescence spectra (excited at 340 nm) of a 
graphene/pyrene suspension for different 
sonication periods were obtained. Prior to 
sonication, there was a large peak at 500 nm, 
which was ascribed to the excimer emission of 
pyrene derivatives [8]. The intensity of this peak 
decreased significantly after one hour of 
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sonication. At the same time, we observed a 
dramatic increase in a peak at 374nm. The 
results suggest that the fluorescence of the 
graphene/pyrene solution is derived by the 
non-bound (free) pyrene monomers in the 
solution.   
 
SCANNING ELECTRON MICROSCOPY 
SEM images of the graphene-coated pyrolytic 
carbon after annealing showed how the graphene 
sheets grew up on the fibers with the fibers 
keeping the original morphological structure. 
This indicates that pyrene molecules are 
successful in “glueing” the graphene sheets to 
form a membrane on the surface of the fibers 
during annealing. EDX data indicated that 
almost 100 percent of the elements are on the 
surface of the observed fibers are carbon, which 
means that the oxygen containing groups in the 
graphene sheet and the Py-SO3 have almost 
completely disappeared. This further 
demonstrates that the graphene sheets are 
formed the fusion of graphene sheets and 
Py-SO3 on the fiber surfaces.  
 
CAPACITANCE MEASUREMENTS 
Galvanostatic charge-discharge experiments 
were carried out at a current density of 50 mA 
g-1 within a voltage window of 0.01–2.8 V. 
These showed that graphene-coated pyrolytic 
carbon probably has larger lithium storage 
capacities than graphene paper anodes normally 
used in lithium batteries. For the graphene 
coated pyrolytic carbon anodes, about 50 percent 
of capacity loss was observed in the first cycle,  
We believe that the remarkable high electro 
-chemical performance of the graphene-coated 
pyrolytic carbon is due to the porous graphene 
sheets and the high surface area of pyrolytic 
carbon. The annealing process dramatically 
reduced gaps between individual graphene 
sheets and also improved the electrical contacts 
between graphene sheets around the fibers. At 
the same time, the porous structure of graphene 

allows the lithium ion to penetrate into pyrolytic 
carbon.  
 
CONCLUSION 
Graphene-coated pyrolytic carbon materials 
were created by fusing graphene sheet by 
annealing onto cotton fibers, thus creating 
graphene-coated cotton, or graphene/cotton 
composites.The graphene -coated pyrolytic 
carbon materials and their excellent electrical 
properties suggest many potential applications, 
especially as anodes in lithium batteries. This 
work is continuing. We believe that this 
potentially low-cost method can have much 
broader applications. Further study is ongoing to 
determine the exact mechanism for this 
increased capacity and cycle life, and to improve 
the formation and performance of the 
graphene-coated pyrolytic carbon.  
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Melt blowing is a one-step process and one of the 
most practical processes for producing microfiber 
nonwovens directly from thermoplastic polymers, 
in which hot/high velocity air blows the extruded 
polymer melt from a die tip towards a moving 
conveyer belt or a cylinder. The microfiber 
nonwovens are used in a variety of fields such as 
filtration, medical, military and industrial 
applications. 
 
Shambaugh et al[1-3] developed one-dimensional, 
two-dimensional and three-dimensional models to 
predict the fiber motion in the melt blowing 
process. The models incorporated a Newtonian or a 
viscoelastic Phan–Thien and Tanner constitutive 
equation, and they concluded that there was little 
effect of viscoelasticity on fiber diameter over the 
range of parameters studied. Sun , Zeng and 
Wang[4] adopted Maxwell model  to simulate the 
melt-blown fiber whipping. However, to our 
knowledge, there is no literature to investigate the 
effect of the constitutive model for the polymer  on 
the simulation results of the melt-blowing 
processing. In this paper, the melt-blown fiber 
formation  is simulated using the standard linear 
solid (SLS) model, and the simulation results are 
compared  with the results from the Maxwell 
model.  
 
SIMULATION 
We model the polymeric jet from the spinneret as a 
series of beads connected by viscoelastic elements, 
as shown in Figure 1a. A pair of adjacent beads, i  -
1 and i, form the fiber element (i-1, i). The total 
number of beads, N, increases over time as a new 
bead appears at the top of Figure1a to represent the 
flow of melt polymer into the fiber.  
 
Thus, the continuity, momentum and energy 
equation for the melt blowing process are written 
as Eq. (1), Eq. (2) and Eq. (3) respectively. 
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Where, d i-1,i and l i-1,i are the diameter and the 
length of the fiber element (i-1, i) respectively, 
d i,i+1 and l i,i+1 are the diameter and the length of the 
fiber element (i, i+1) respectively, m i is the mass of 
bead i, Fdi, Fvi and F ti represent air drag force, 
viscoelastic force and surface tension acting on 
bead i respectively, C i is the polymer heat capacity, 
h is the convective heat transfer coefficient, T i and 
Tai are the temperature of bead i and the air 
temperature at bead i respectively . 

 

Figure1. Schematic of the Bead-SLS fiber model 

The air drag force and the surface tension were 
formulated in detail in our previous article[4]. In 
this paper, the viscoelastic element connecting the 
beads is described by SLS model, as shown in 
Figure 1b. The stress-strain relationship can be 
modeled as follows: 
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Where E1, E2 is the elastic modulus and η is the 
viscosity. Thereby, the viscoelastic force acting on 
the bead i can be obtained.  
 
In order to simulate the bending instability of melt 
blowing, the initial perturbation is added by 
inserting small displacement to the x and y 
coordinates of bead i. 

( )taxi ωsin=                                                      (5) 
 

( )tayi ωcos=                                                      (6) 

Where a is the initial perturbation amplitude, and 
ω is the frequency. 
 
RESULTS AND DISCUSSION 
The polymer and processing parameters used were 
for Molten PP, which is a commonly used material 
in melt blowing.  

 
Figure 2. Melt-blown Fiber Whipping at 0.05s 

 
Figure 2 shows the melt-blown fiber whipping 
development at 0.05s. It can be seen that the SLS 
model predicted the bigger amplitude than the 
Maxwell model, which will result in the smaller 
fiber diameter due to the longer fiber path. It is 
verified by the simulated fiber diameter shown in 
Figure 3. The SLS model can predict the melt-
blown fiber formation more accurately than the 
Maxwell model as the SLS model combines 
aspects of the Maxwell and Kelvin–Voigt models 
to accurately describe the overall behavior of a 
system under a given set of loading conditions, 
although it needs to be verified experimentally. 
 

 
Figure 3 Variation of fiber diameter  

 
CONCLUSIONS 
 A 3-D model has been developed for the melt-
blowing process based on the bead-SLS fiber 
model. This model can predict the fiber diameter, 
fiber vibration amplitude and fiber trajectory. The 
simulation results are affected by the constitutive 
model.  The SLS model predicted the bigger fiber 
vibration amplitude and the smaller diameter than 
the Maxwell model. In the  future work, which 
viscoelastic model  is more suitable for the PP 
melt-blowing process is to be experimentally 
verified and the effect  of viscoelasticity on the 
melt-blown fiber formation should be investigated 
further for the development of nano melt-blown 
fiber.  
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ABSTRACT 
In order to explore the ideal apparel fabrics for 
down jackets that will have the soft hand feel in 
extremely cold environment, the bending and 
shearing performances of PTT fabric and Nylon 
fabric, which are suitable for down jackets, were 
studied by the in-house made test device at 20 ℃, 
-5 ℃, -15 ℃, -25 ℃ respectively. Since the common 
electronic instruments can not  work properly in 
low temperature, the simple testing device, which 
will not be affected by temperature, was built up  
to evaluate PTT and Nylon fabric performance at 
extremely low temperature. The results from 
in-house made test device and KES at 20 ℃ show 
that the tested results from both test devices have a 
high correlation. The study results show that the 
hand feel of the two types of fabrics became more 
stiff with the temperature decreased. However, 
Nylon fabric became much stiffer than PTT fabric 
at the same temperature suggesting that PTT has 
the potential to replace Nylon in feather down 
jacket application. 

EXPERIMENTAL 
Samples 
Fabric performances are correlated with the raw 
material and structural parameters.  In order to 
eliminate the effects of the structural parameters, 
fabrics were selected in the way that the linear 
density of yarn or fibers, the woven structure and 
yarn density are similar to each other.  The main 
differences between samples are the polymers used 
in fibers, as shown in Table І. 
Measurement for bending property 
The fabric bending rigidity B(cN·cm2/cm) was 
tested with the inclined plane method[1], and the  

 
yarn bending rigidity By(cN·cm2/tex) in each tex 
was calculated with formula (1) [2]. 
 
By = B·(1+C)/(N·Tt)                     (1) 
 
Where  N — yarn density(yarns/cm),  

C —yarn crimp rate of the fabric(%),  
Tt — yarn fineness(tex). 

Measurement for shearing property 
The fabric shearing deformations under a constant 
load were measured in the oblique direction in 
which intersection angle is 45°with warp or weft 
yarn. 

ANALYSIS 
Bending rigidity 
The bending rigidities of fabrics and yarns under 
different temperature are shown in Figure 1 and 
Figure 2 respectively. It can be seen that all fabric’s 
bending stiffness increased as the temperature 
decreased. This indicated that fabric hand feel 
became stiff in a cold environment, however, nylon 
fabrics and yarn become much stiffer than PTT 
fabric, or PTT fabrics and yarn are softer than 
nylon in a cold environment.  This can be seen in 
Figure 2 more clearly 
Shearing deformation 
The shearing deformations of fabrics under 
different temperature are shown in Figure 3. It can 
be seen that the shearing deformations of all fabrics 
increased when the temperature decreased. This 
means that fabric hand feel became stiff in a cold 
environment, however, the extend of shearing 
deformations of PTT fabrics is smaller than nylon 
fabric suggesting PTT fabrics is softer than nylon 
in a cold environment. 

 
Table І. Composition and structural parameters of fabrics 

Fabric No. materials Woven 
structure 

Yarn 
fineness/(dtex) 
(warp×weft) 

density 
/(yarns/cm) 

1# 
PTT×PTT 

2/2 Twill 75×75 79.9×57.1 
2# Plain 75×75 80.3×42.5 
3# 

Nylon×Nylon 
Plain 70×70 44.5×32.7 

4# 2/1 Twill 70×70 79.9×40.6 
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Fig. 1.  Relationship between fabric bending rigidities 
and temperature in warp&weft.  
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Fig. 2.  Relationship between bending rigidities of per 
tex yarn and temperature in warp&weft. 
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Fig. 3. Relationship between shearing deformation and 

temperature 

CONCLUSION 
1) When the environmental temperature decreases, 
the bending rigidities of yarns and fabrics are 
increased, thus the fabric hand feel become stiff in a 
cold environment. However, the increase  of 
bending rigidities of  PTT materials is significantly  
less than Nylon suggesting PTT fabrics is softer  
compared to Nylon fabrics in cold environment. 
2) When the environmental temperature decreases, 
the shearing deformations of fabrics are decreased.  
This leads to the fabric hand feel become stiffer in a 
cold environment. However, the deformation  of 
shearing  for PTT materials is significantly less than 
Nylon,  suggesting PTT fabrics is softer  compared 
to Nylon fabrics in cold environment. 
3) Above changes is obvious in temperature range 
20~-5℃. 
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Hand,  PTT fabric,  Nylon Fabric,  Cold 
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ABSTRACT 
Researches in carbon footprint is a hot spot in the 
academic world for the past few years. A mass of 
secondary data will be applied to assess carbon 
footprint of textile products due to the long supply 
chain as well as plentiful materials used in the 
manufacturing process. Therefore, it is very 
important to evaluate data quality. In this paper, 
Monte Carlo simulation combined with data quality 
matrix was used to quantify the uncertainty of both 
a single and the sum data. It is proved that Monte 
Carlo simulation is an effective method in the 
improvement the credibility of carbon footprint 
calculation. 

 
INTRODUCTION 

Carbon footprint is an accountability measure to 
determine the impact of a particular product on the 
environment. Data collection is important for 
carbon footprint assessment. However, a lot of 
uncertainties exists in the calculation process due to 
the textile products itself (raw materials, 
manufacture, distribution/ retail, consumer use, 
disposal/recycling) , the boundaries, the research 
methods and the various hypothesis involve in the 
process of research[1-2]. Appling this method of 
calculating will cause a certain degree of 
uncertainty in the carbon footprint calculation, 
which will affect the accuracy of the results. Monte 
Carlo simulation is a commonly used method to 
calculate uncertainty. In the life cycle assessment 
theory, weidema and wesnaes put forward the data 
quality matrix to show the quality of each data. This 
paper introduces an idea of the combination of data 
quality index and Monte Carlo simulation to 
calculate product carbon footprint(PCF).  

 
METHODOLOGY 

This paper calculates the standard deviation of 

every single data based on the combination of 
weidema and wesnaes`s formula 1 and data quality 
matrix[5]. Based on UNCERTAINTY published by 
IPCC in 2007, the data from a weaving factory is 
taken as an example to show the process of Monte 
Carlo simulation. 
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Absolute uncertainty simulation 

Refer to the data quality matrix for the vector value 
of data quality is the first step. Weaving (3,5,4,1,4,5) 
means Ui values (1.1,1.2,1.2,1,1.5,1.2). Secondly, 
apply the formula 1 to calculate the geometric 
standard deviation (the corresponding statistics of 
the lognormal distribution model are geometric 
mean and geometric standard deviation, etc.) 
SD=1.69. The measurement data of the weaving 
process is a mean value from many batches, so the 
sample mean is equaled to the measurement data 
itself. Therefore, the sample mean is 0.0915kg 
CO2eq and the geometric standard deviation is 1.69. 
SD95 is the geometric standard deviation and the 
confidence level is 95%. After 1000 or 10000 times 
Monte Carlo simulation, every primitive value 
which contains uncertainty factors have some 
degree of change. Meanwhile, the stimulation itself 
is shown as the average value of a probability 
distributes and it has some degree of uncertainty.  
 
Relative uncertainty stimulation  

Firstly, ensure that the initial value remains the 
same. Hypothetically, if the vector value of the 
primary data in the data matrix have changed and 
reached the most ideal state (supposedly the most 
ideal in theory, all Ui values 1) and the ideal state 
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( i.e. the data which can meet the data quality 
matrix in the real investigation in the factory), i.e. 
the value is (1,1,1,1,1,1) and (1,1,1.2,1,1,1.2). And 
the SD95 values 1.049 and 1.30 accordingly. 
Respectively investigate the change of the 
stimulation results of printing and dyeing process 
(the highest carbon emission process) and fabric 
preparing process (its primary data have the highest 
uncertainty ) and set the stimulation times as 1000. 

 

CONCLUSION 
Monte Carlo simulation and data quality matrix 
theory is able to make an accurate uncertainty 
simulation for single processes and the overall 
theoretical values. It is helpful for improving the 
credibility of carbon footprint calculation. In 
comparison with the absolute uncertainty, the 
relative uncertainty is more meaningful because it 
can make a better illustration on the differences 
between the compared sides and their difference 
degree. Meanwhile, using CV to represent the 

uncertainty of the ultimate results can show the 
impact of primary data quality on the uncertainty 
intuitively. It shows as well that minimum 
uncertainty depends on the reliability, integrity and 
representativeness of the primary data. 

KEYWORDS 
Textile productS, carbon footprint, uncertainty; 
Monte Carlo simulation. 
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OBJECTIVE 
In this study, PVB/Epoxy/MWCNT nanofibers 
were fabricated using needle electrospinning 
method. Polyvinyl butyral (PVB) /ethanol solution 
was prepared and multi-walled carbon nanotubes 
(MWCNT) and epoxy resin was used to provide 
high reinforcement of composite structure. For all 
solutions PVB contentration was 7 wt. % and epoxy 
concentration was 5 wt. %. Photographs of 
PVB/epoxy/MWCNT nano composite surfaces 
were analysed. From the results, fiber diameter 
increase with MWCNT concentration. And also 
uniform, smooth and beads-free 
PVB/epoxy/MWCNT nanofibers could be obtained.  
 
INTRODUCTION 
Electrospinning is a method that composite and 
polymeric fibers obtained using this method, can 
reach nano-scale dimension. In construction and 
aerospace industry, epoxy-based composite 
materials are being used as structural components 
because of some advantages such as flexibility, 
high adhesion, good chemical resistance etc. [1]. 
However we discuss epoxy-based as matrices in 
fiber composite. Epoxy resins have been used as a 
reinforcement material in particle or staple fibers 
form [2, 3]. In the last periods, the use of carbon 
nanotubes as filler material has been very popular 
for improving the mechanical and thermal 
properties of yarn or surface [4-5].  
 
Polyvinyl butyral (PVB) polymers have been 
extensively used for many applications because of 
advantages such as low-cost alternative, strong 
binding, flexibility, optical clarity, adhesion to 
many surfaces to polymers [6]. 
 
APPROACH 
Polyvinyl butyral (PVB) was used as a polymer and 
purchased from Kuraray - the grade Mowital B 75 
H (mol. weight 75,000 g/mol). Ethanol was used as 
a solvent. Sincolor Epoxy resin 1200-371 and 
multi-walled carbon nanotube which is 90 %  purity 
were used as composite materials. From the 
previously work we already know that CNTs and 
PVB were dispersed in ethanol without additional 
process [7]. It is difficult to dissolve pure CNT in 
usual solvents because of this MWCNT was 
preferred. SEM images were taken by Phenom FEI.  
 
 

 
Firstly PVB and epoxy resin were dissolved in 
ethanol. All solutions include 7 wt. % of PVB and 5 
wt. % of epoxy. Solutions prepared at various 
MWCNT concentrations such as 0.25-0.5-0.75-1 
wt. %. Needle electrospinning method was used to 
obtain PVB/epoxy/MWCNT nanofibers (Figure 1). 
 

 
 

FIGURE 1. Needle-electrospinning system. 
 
In needle system, the polymer solution is taken in a 
capillary and high voltage supplier is connected to 
generate an electric field between the tip of the 
capillary and a grounded collector. The polymer 
solution droplet is held at the tip of the capillary 
because of the surface tension. When the voltage is 
increased, viscoelastic forces are overcome by 
electrical field. Then above the critical voltage, 
solution jet is occurred from the apex of Taylor 
cone. Finally, solid nanofibers are obtained on the 
grounded collector electrode. 
 
Optimum process parameters of the needle 
electrospinning which were determined previous 
experimental works were applied during the 
spinning process (Table I). 
 

TABLE I. Process parameters. 
Temp. Voltage Distance Feed Rate Humidty 
20 0C 15 kV 17 cm 2 ml/h 25 % Rh 

 
RESULTS AND DISCUSSION 
PVB/epoxy nanofibers were spun at various epoxy 
concentrations such as 0-5-10-15 wt. %. From the 
fiber morphology analysis, 5 wt. % epoxy 
concentration was chosen for all solutions because 
of good fiber morphology. When the well dissolved 
solutions were obtained, composite solution was 



spun and nanofibers were transported towards the 
supporting material on collector electrode. In 
Figure 2, PVB/Epoxy/MWCNT nano surfaces are 
seen at various MWCNT concentrations. 
 

 
FIGURE 2. Photographs of PVB/epoxy/MWCNT 

nano composite surface (a) 0- (b) 0.25- (c) 0.5-     
(d) 0.75- (e) 1 wt. % MWCNT. 

  
SEM images of these nano surfaces are given in 
Figure 3.  
 

 
FIGURE 3. SEM images of the 

PVB/epoxy/MWCNT nano composite fibers 
(x3.000) (a) 0.25- (b) 0.5- (c) 0.75- (d) 1 wt. % 

MWCNT. 
 
Beads are the important fiber defect of needle 
electrospinning. According to the Figure 3, it was 
obtained those uniform and beads-free nano 
composite fibers via needle electrospinning 
method. Average fiber diameter values of 
PVB/epoxy/MWCNT nanofibers are given in Table 
II.   
 
TABLE II. Fiber diameter of PVB/epoxy/MWCNT 
Surface (a) (b) (c) (d) 
Diameter  511 nm 518 nm 530 nm 546 nm 

 
Fiber diameter increases as the MWCNT 
concentration increase.  
 
 

CONCLUSIONS 
As a result, PVB/epoxy/MWCNT nano composite 
fibers could be fabricated successfully by needle 
electrospinning method. Uniform, smooth and 
beads-free nanofibers were obtained. It will be 
expected that these structures will show novel and 
superior mechanical, thermal and electrical 
properties. 
 
FUTURE WORK 
In future, characterization of nano composite fibers 
such as mechanical, electrical and thermal 
properties will be done and analyzed. And also, we 
are planning to fabricate these nano composite 
fibers by roller electrospinning method which will 
be useful for industrial production. 
 
ACKNOWLEDGMENT  
The authors would like to thank the Nonwoven 
Department of the Textile Engineering Faculty, 
Technical University of Liberec in the Czech 
Republic for providing the working environment, 
including laboratory space and equipment. Also, 
the authors wish to thank Ing. Eva Koštáková and 
PhD student Fatma Yener their great help and 
efforts completing this research. 

REFERENCES 
 [1] C. Chen, T.B. Tolle, Aerospace Applications 
for Epoxy Layered-Silica Nanocomposite. Dekker 
Ency. of Nanosci. and Nanotech. 10.1081 (2004). 
[2] S. Chand, Carbon Fibers for Composites. J 
Mater Sci 35:1303-13. (2000). 
[3] A. Montazeri, J. Javadpour, A. Khavandi, A. 
Tcharktchi, A. Mohajeri, Mechanical Properties of 
Multi-Walled Carbon Nanotube/epoxy composites, 
Metarials and Design 31,4202-4208, (2010). 
[4] M. Nadler, J. Werner, T. Mahrholz. U. Riedel, 
W. Hufenbach, Effect of CNT Surface 
Functionalization on the Mechanical Properties of 
MWCNT/Epoxy Composites, Composites, 40,932-
937, (2009). 
[5] S. Imaizumi, H. Matsumoto, Y. Konosu, K. 
Tsuboi, M. Minagawa, A, Tanioka. K. Koziol and 
A. Windle, Top-Down Process Based on 
Electrosinning, Twisting, and Heating for 
Producing One-Dimensional Carbon Nanotube 
Assembly,ACS Appl. Mater. Interfaces 3,469-475 
(2011). 
[6] F. Yener, O. Jirsak, Improving Performance of 
Polyvinyl Butyral Electrospinning, Nanocon, Brno, 
Czech Republic, (2011). 
[7] N. Duyar, B. Yalcinkaya, F. Yener, Preperation 
of Electrospun PVB/CNT Composite Fibers, 
Strutex Conference, Techical University of Liberec, 
(2011). 



Encapsulation of Vanillin/Cyclodextrin Inclusion Complexes 
in Electrospun Nanowebs: High-temperature Stability and 

Slow Release of Vanillin  
 

Fatma Kayacı, Tamer Uyar 
Bilkent University, Ankara, Turkey 

uyar@unam.bilkent.edu.tr, kayaci@unam.bilkent.edu.tr

OBJECTIVE 
Our purpose was to produce functional polyvinyl 
alcohol (PVA) electrospun nanowebs containing 
vanillin having prolonged shelf-life and high 
temperature stability facilitated by cyclodextrin 
inclusion complexation.  
 
INTRODUCTION 
Cyclodextrins (CDs) are cyclic oligosaccharides 
having a truncated cone shaped molecular 
structure, and CDs can form non-covalent host-
guest inclusion complexes with a variety of 
molecules [1-3]. Cyclodextrin inclusion complexes 
(CD-IC) are widely used in food industry in order 
to achieve stabilization/protection and 
controlled/sustained release of volatile or unstable 
flavors and other food additives [1-5].  
Recently, electrospinning has received great 
attention, since this technique is quite versatile and 
cost-effective for producing nanofibers/nanowebs 
[6,7]. Electrospun nanofibers can be quite 
applicable in active food packaging [8,9] due to 
their large surface-to-volume ratio. Moreover, high 
encapsulation efficiency of electrospun 
nanofibrous matrix supplies the stabilization of 
active food additives such as flavors and 
antioxidants. Incorporation of CD-IC into 
electrospun nanofibrous matrix would improve the 
shelf-life, stability and slow release of these food 
additives.  
Vanillin is widely used as flavor and fragrance and 
it is also used as a food preservative due to its 
antioxidant property [10]. However, vanillin has a 
short shelf-life because of its volatile nature, 
therefore, the stabilization of vanillin is very 
important for its prolonged functionality.  
In this study, we have produced functional PVA 
electrospun nanofibers including vanillin having 
long-lasting durability and high temperature 
stability facilitated by cyclodextrin inclusion 
complexation [11]. PVA nanofiber matrix was 
chosen, since PVA is a biodegradable and non-
toxic synthetic polymer and applicable in food 
packaging [12-14].  
APPROACH 
PVA nanowebs incorporating vanillin/cyclodextrin 
inclusion complex (vanillin/CD-IC) were produced  

 
via electrospinning technique [11]. The schematic 
representations of the vanillin/CD/IC formation 
and the electrospun PVA/vanillin/CD-IC 
nanofibers were indicated in Figure 1. The 
vanillin/CD-IC was prepared with three types of 
CDs; α-CD, β-CD and γ-CD to find out the most 
favorable CD type for the stabilization of vanillin. 
For a comparison study, PVA and PVA/vanillin 
nanofibers without CD were also electrospun [11].  
 

        
        

 

Fig. 1. Schematic representations of the (a) 
formation of the vanillin/CD/IC, (b) 
electrospinning of the PVA/vanillin/CD-IC 
nanofibers. 
 
The morphology and the fiber diameter of the 
electrospun nanofibers were analyzed by scanning 
electron microscope (SEM). Other 
characterizations of these functional electrospun 
nanofibers were done by using X-ray diffraction 
(XRD), differential scanning calorimeter (DSC), 
thermogravimetric analyzer (TGA) and the proton 
nuclear magnetic resonance (1H-NMR). The 
durability of vanillin in PVA/vanillin and 

(a) 

(b) 



PVA/vanillin/CD-IC nanowebs was also studied at 
different storage time periods [11]. 
 
RESULTS AND DISCUSSION 
PVA/vanillin/CD-IC nanofibers having fiber 
diameters around 200 nm were successfully 
electrospun from aqueous solution mixture of PVA 
and vanillin/CD-IC [11].  Our results indicated that 
the thermal stability of vanillin in 
PVA/vanillin/CD-IC nanowebs increased to higher 
temperature when compared to PVA/vanillin 
nanoweb, since in CD-IC, the thermal evaporation 
of the volatile guest molecules shifts to higher 
temperatures due to their interactions with the CD 
cavity [15,16].  For PVA/vanillin/γ-CD-IC 
nanoweb, the loss of vanillin was observed at 
higher temperature range than PVA/vanillin/α-CD-
IC and PVA/vanillin/β-CD-IC indicating that the 
interaction between vanillin and γ-CD was much 
stronger compared to α-CD and β-CD.  Moreover, 
according to the durability test, PVA/vanillin/CD-
IC nanowebs, the preservation of vanillin was very 
effective compared to PVA/vanillin nanoweb.  In 
addition, we also observed that PVA/vanillin/γ-
CD-IC nanoweb was more effective for the slow 
release of vanillin when compared to 
PVA/vanillin/α-CD-IC and PVA/vanillin/β-CD-IC 
[11]. The reason for forming more stable inclusion 
complex between vanillin and γ-CD is possibly due 
to the bigger cavity size of γ-CD resulting better fit 
in size match between the guest molecule and the 
host CD cavity. This also correlates with our recent 
findings where γ-CD forms more stable inclusion 
complex with vanillin in the solid state [15].        
 
CONCLUSIONS 
Encapsulation of vanillin/CD-IC in PVA nanowebs 
was achieved via electrospinning.  
PVA/vanillin/CD-IC nanowebs show prolonged 
shelf life and high temperature stability.  The 
stability of vanillin was significantly dependent on 
the CD type. PVA/vanillin/γ-CD-IC nanoweb 
effectively stabilized vanillin compared to α-CD 
and β-CD. 
 
FUTURE WORK 
As a future work, we will produce CD-IC 
functionalized nanowebs by using different guests 
such as flavors, antimicrobials, antioxidants, drugs, 
and bioactive agents, etc. These functional 
nanofibers/nanowebs may have practical 
applications in food, biomedical, textile and 
personal care industries, depending on the type of 
the guest molecules. 
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STATEMENT OF PURPOSE/OBJECTIVE 
The aim of this study is to produce electrospun 
cyclodextrin (CD) nanofibers without using a 
carrier polymer matrix. 
 
INTRODUCTION 
Cyclodextrins (CDs) are cyclic oligosaccharides 
having a truncated cone-shaped structure which are 
produced by the enzymatic conversion of starch. 
CD molecules have relatively hydrophobic interior 
part and owing to this property they can form non-
covalent host-guest inclusion complexes with 
various molecules. There are three native 
cyclodextrin types; α-CD, β-CD and γ-CD having 
six, seven and eight glucopyranose units 
respectively [1,2]. These three main CDs have 
limited solubility; however, by the chemical 
modification (methyl-CD and hydroxypropyl-CD), 
CD molecules gain higher solubility compared to 
native CDs (α-CD, β-CD and γ-CD) [3]. Due to 
their intriguing properties, CD molecules are 
applicable in many areas such as pharmaceuticals, 
functional foods, filters, cosmetics, textiles as well 
as advanced functional systems [4,5].  

Electrospinning is a versatile and simple technique 
to produce nanofibers from a variety of materials 
such as polymers, polymer blends, sol–gels, 
composites, etc. In electrospinning method, a very 
high electrical field is applied to the polymer 
solution/melt, then continuous polymer jet is 
occurred and resulted in ultrafine fibers ranging 
from tens of nanometers to a few microns in 
diameter [6,7].  The high surface-to-volume ratio 
and highly porous structure of nanofibers make 
them applicable in biotechnology, membranes/ 
filters, textiles, sensors, electronics, energy areas 
[8,9].  

In principle, electrospinning requires high 
molecular weight polymers and high polymer 
concentration for ensuring the entanglements and 
overlapping between the polymer chains that is 
necessary to produce uniform nanofibers. Therefore 
the electrospinning of non-polymeric system may 
be a quite challenge [10,11]. On the other hand, CD 
molecules are capable of self-assembly and forming 
aggregation with intermolecular  hydrogen bonding 
so they can create the entanglement and 
overlapping effect in their solution by the help of 
aggregation that is required for electrospinning 
process [12,13].  
 

 

In our previous study, we have firstly reported the 
electrospinning of polymer-free nanofibers from 
methyl-β-cyclodextrin (MβCD) and inclusion 
complex of hydroxypropyl-β-cyclodextrin 
(HPβCD) with triclosan [14, 15]. In this study, we 
have achieved to produce nanofibers by using three 
different chemically modified CDs (HPβCD, 
HPγCD and MβCD) in three different solvent 
systems (water, DMF and DMAc) without using 
any carrier polymer matrix [16].  

APPROACH 
The electrospinning of HPβCD, HPγCD and MβCD 
were performed by preparing water, DMF and 
DMAc solutions in different concentrations (100% 
(w/v) to 160% (w/v)). In order to observe the effect 
of the urea on the fiber formation, 20% (w/w, with 
respect to CD) urea was added into the CD 
solutions in water and DMF at the optimized CD 
concentrations. The electrospinning parameters 
were determined as: applied voltage 10-20 kV, tip-
to-collector distance 10-20 cm and the solution flow 
rate 0.5-2 ml/h. The viscosity and conductivity 
measurements of the CD solutions were performed 
to observe their effect on the fiber formation. 
Moreover, the particle size of the aggregates in CD 
solutions was measured by using dynamic light 
scattering (DLS) system. The scanning electron 
microscope (SEM) was used to determine the 
morphological property and the diameter of the CD 
nanofibers. While the crystalline structure was 
investigated by using X-ray diffractometer (XRD), 
the thermal property studies were carried out by 
using thermogravimetric analyzer (TGA).  
  
RESULTS AND DISCUSSION 
The optimizations of modified CDs were achieved 
at different concentrations for water, DMF and 
DMAc. The bead-free ultrafine HPβCD fibers were 
obtained at 160% (w/v) concentration in water and 
120% (w/v) in DMF and DMAc. For HPγCD, the 
bead-free fibers were produced at 160% (w/v) 
concentration in water and at 125% (w/v) in DMF 
and DMAc. On the other hand, the optimization of 
MβCD was attained at 160% (w/v) concentration 
for all solvent types (Figure 1). The morphology 
and the diameter of CD nanofibers were affected by 
the used CD derivate, its concentration and the type 
of the solvent system. The uniform fibers were only 
obtained at the required level of 
concentration/viscosity and conductivity values. 
Because of the lower viscosity and higher 
conductivity, much thinner fibers were produced in 



water compared to fibers electrospun from DMF 
and DMAc solvent systems.  
 

 
Figure 1. Representative SEM images of modified CDs 
(HPβCD, HPγCD and MβCD) nanofibers produced at 
optimized concentration in water, DMF and DMAc. 
 
By adding urea to the concentrated CD solutions, 
the hydrogen bond between CD aggregates were 
broken so only splashed areas and bead structures 
were yielded (Figure 2). 
 

 
Figure 2. The SEM images of the bead structure and 
splashed area that were obtained as a result of adding 
%20 urea (w/w) to (a) 160% (w/v) HPβCD in water, (b) 
120% (w/v) HPβCD in DMF. 
 
Figure 3 indicates that CD nanofibers have some 
mechanical integrity and can be easily handled and 
folded. 
 

 
Figure 3. Photographs of HPβCD nanofibers showing the 
mechanical integrity of nanowebs. 
 

CONCLUSION 
The CD nanofibers formation originates from the 
presence of considerable aggregates and 
intermolecular interactions between the CD 
molecules in their concentrated solutions. They are 
mainly attractive structure having very large surface 
area of nanofibers with specific functionality of the 
CDs so the CD nanofibers might extend the use of 
these molecules in the fields of biotechnology, 
food, textiles, and filtration or in other functional 
systems. 
 
FUTURE WORK 
The integration of cyclodextrin unique properties 
with nanofibers makes them more intriguing and 
applicable for specific purposes. As a future work; 
we will investigate the molecular encapsulation 
capability of CD nanowebs for filtration 
applications.  
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OBJECTIVE 
In this study, we aimed to produce functional 
polyvinyl alcohol (PVA) electrospun nanowebs 
containing essential oil; eugenol (EG), that have 
long-term durability and high temperature stability 
due to cyclodextrin (CD) inclusion complexation.  
 
INTRODUCTION 
Cyclodextrins (CDs) which are cyclic 
oligosaccharides have truncated cone-shaped 
molecular structures. The most commonly used 
CDs are α-CD, β-CD and γ-CD having 6, 7 and 8 
glucopyranose units in the cyclic structure, 
respectively [1-3].  The size of the cavity for α-CD, 
β-CD and γ-CD are ~ 6, 8 and 10 Å, respectively; 
although the depth of the cavity is same (~ 8 Å) for 
these CDs (Figure 1) [1]. Relatively hydrophobic 
cavities of CDs have ability to form inclusion 
complexes with a variety of guest molecules. 
Cyclodextrin inclusion complexes (CD-IC) are 
widely used in many areas such as 
pharmaceuticals, functional foods, cosmetics, 
textiles etc. in order to achieve the 
stabilization/protection and controlled/sustained 
release of volatile or unstable drugs, fragrances, 
flavors, essential oils and other functional additives 
[1-6]. 
 

 
Fig. 1. Approximate dimensions of α-CD, β-CD, γ-CD. 
 
Electrospinning is a quite versatile and cost-
effective technique for producing 
nanofibers/nanowebs from a variety of materials 
such as polymers, polymer blends, sol–gels, 
composites, etc. [6-9]. Electrospun nanofibers can 
be quite applicable in biotechnology, membranes/ 
filters, textiles, food packaging and sensors due to 
their large surface-to-volume ratio, highly porous 
structure and high encapsulation efficiency [6-11].  
Eugenol (EG), a phenolic major compound of 
clove oil, is widely used essential oil as a fragrant 
and flavoring agent in food and cosmetic industries 
[12]. This compound is also known as an anesthetic 
agent in dentistry. Moreover, EG has several 

biological activities such as antibacterial, 
antioxidant, antitumor, anti-inflammatory and 
antifungal properties [12,13].  
CDs can eliminate pungent taste, low solubility, 
irritation effect to the skin of EG due to inclusion 
complexation and CD-IC could supply prolonged 
functionality of EG by improving its stability.  
In this study, PVA, a biodegradable and non-toxic 
synthetic polymer, was chosen as the nanofiber 
matrix and the encapsulation of EG/CD-IC in 
electrospun PVA nanowebs was carried out. It was 
observed that the high temperature stability of EG 
was facilitated by cyclodextrin inclusion 
complexation.  
 
APPROACH 
Aqueous solution mixture of PVA and EG/CD-IC 
were electrospun in order to obtain functional PVA 
nanowebs containing EG/CD-IC (PVA/EG/CD-
IC). Figure 2 indicates the schematic representation 
of the formation of EG/CD/IC and PVA/EG/CD-IC 
nanofibers.  
 

       
 

 
 
Fig. 2. Schematic representation of the (a) formation of 
the EG/CD/IC, (b) electrospinning of the PVA/EG/CD-
IC nanofibers. 
 
In order to find out the most favorable CD type for 
the stabilization of EG, the EG/CD-IC was formed 
by using three types of CDs: α-CD, β-CD and γ-
CD. PVA and PVA/EG nanofibers without CD 
were also produced for comparison.      
Characterizations of these functional electrospun 
nanofibers were done by using scanning electron 
microscope (SEM), X-ray diffraction (XRD), 

(a) 

(b) 



differential scanning calorimeter (DSC), 
thermogravimetric analyzer (TGA) and proton 
nuclear magnetic resonance (1H-NMR).  
 
RESULTS AND DISCUSSION 
PVA/EG/CD-IC nanofibers having fiber diameters 
around 550 nm were successfully obtained via 
electrospinning technique. For PVA, PVA/EG and 
PVA/EG/α-CD-IC systems uniform and bead-free 
nanofibers were obtained. In the case of 
PVA/EG/β-CD-IC and PVA/EG/γ-CD-IC systems, 
mostly uniform nanofibers with aggregates of CD-
IC crystals were observed.  
The XRD diffraction patterns of PVA/EG/β-CD-IC 
and PVA/EG/γ-CD-IC nanowebs revealed channel-
type packing structures of CDs confirming 
incorporation of EG/CD-IC in PVA nanofiber 
matrix for these samples. However, the XRD data 
of PVA/EG/α-CD-IC nanoweb did not show any 
type of α-CD crystal aggregates and this result 
correlated with the SEM image of this sample. 
Therefore, we could not confirm the presence of 
EG/α-CD-IC in PVA nanowebs.  
Previously, we observed that the evaporation of the 
volatile guest molecules shifted to higher 
temperatures due to cyclodextrin inclusion 
complexation [14,15]. As anticipated, the thermal 
stability of EG was also enhanced for PVA/EG/β-
CD-IC and PVA/EG/γ-CD-IC when compared to 
pure EG due to interactions between EG and the 
CD cavities. However the loss of EG was observed 
at almost same temperatures for PVA/EG/α-CD-IC 
sample with pure EG indicating that inclusion 
complexation could not form between EG with α-
CD. This might be originated from the small cavity 
size of α-CD that is not suitable for the 
encapsulation of EG molecule. On the other hand, 
the cavity size of β- and γ-CD is large enough to 
form the inclusion complex with EG [16].  
In addition, NMR results showed that the amount 
of EG was the highest for  PVA/EG/γ-CD-IC that 
is possibly due to the bigger cavity size of γ-CD 
resulting better size fit between the EG and the host 
γ-CD cavity. 
 
CONCLUSIONS 
In this study, the encapsulation of EG/CD-IC in 
PVA nanowebs was achieved via electrospinning. 
We observed that the stability of EG is 
significantly dependent on the CD type. 
PVA/EG/α-CD-IC nanoweb could not effectively 
stabilize EG, since α-CD is not proper host for EG 
guest owing to its small cavity size. PVA/EG/β-
CD-IC and PVA/EG/γ-CD-IC nanowebs show high 
temperature stability of EG so these functional 
nanofibers/nanowebs may have practical 

applications in food packaging, biomedical, textile 
and personal care industries. 
 
FUTURE WORK 
The durability of EG in PVA/EG and 
PVA/EG/CD-IC nanowebs will also be studied at 
different temperatures by using headspace GC-MS 
in order to find out the most favorable CD type (β-
CD or γ-CD) for the stabilization of EG. As a 
future work, we will also produce CD-IC 
functionalized nanowebs by using various essential 
oils.  
 
ACKNOWLEDGMENTS 
State Planning Organization (DPT) of Turkey is 
acknowledged for the support of UNAM-Institute of 
Materials Science & Nanotechnology. Dr. T. Uyar 
acknowledges EU FP7-PEOPLE-2009-RG Marie Curie-
IRG (project#PIRG06-GA-2009-256428) and 
TUBITAK-COST Action (project#111M459) for 
funding this work. F. Kayaci acknowledges TUBITAK-
BIDEB for the national graduate study scholarship. 
 
REFERENCES 
[1] Szejtli, J. (1998), Chemical Reviews, 98, 1743. 
[2] Hedges, A. (1998), Chemical Reviews, 98(5), 2035. 
[3] Del Valle, E. (2004), Process Biochemistry, 39(9), 

1033. 
[4] Harada, A., Kobayashi, R., Takashima, Y., 

Hashidzume, A., & Yamaguchi, H. (2011), Nature 
Chemistry, 3, 34. 

[5] Koontz, J. L., Marcy, J. E., O'Keefe, S. F., & 
Duncan, S. E. (2009), Journal of Agricultural and 
Food Chemistry, 57(4), 1162. 

[6] Wang, J., Cao, Y., Sun, B., & Wang, C. (2011), 
Food Chemistry. 

[7] Li, D., & Xia, Y. (2004), Advanced Materials, 
16(14), 1151. 

[8] Ramakrishna, S., Fujihara, K., Teo, W., Lim, T., & 
Ma, Z., (2005), World Scientific Publishing 
Company. 

[9] Greiner, A. & Wendorff, J. (2007), Angewandte 
Chemie International Edition, 46, 5670. 

[10] Kriegel, C., Arrechi, A., Kit, K., McClements, D., 
& Weiss, J. (2008), Critical reviews in food science 
and nutrition, 48(8), 775. 

[11] Vega-Lugo, A. C., & Lim, L. T. (2009), Food 
Research International, 42(8), 933. 

[12] Ito, M., Murakami, K., &Yoshino. M. (2005), Food 
Chem Toxicol 43, 461. 

[13] Zhan, H., Jiang, Z. T., Wang, Y., Li, R., & Dong, T. 
S. (2008), European Food Research and 
Technology, 227 (5), 1507. 

[14] Kayaci, F., & Uyar, T. (2011), Journal of 
Agricultural and Food Chemistry, 59, 11772. 

[15] Kayaci, F., & Uyar T. (2012), Food Chemistry, 
DOI: 10.1016/j.foodchem.2012.01.040. 

[16] Yang, Y., & Song, L. X. (2005), Journal of 
Inclusion Phenomena and Macrocyclic Chemistry, 
53 (1), 27. 

http://www.nano.org.tr/~uyar/Publications.html


Polyurethane Nanofibers Containing  
the Nanoparticles of Metal Oxides 

 
Ganna Ungur, Jakub Hrůza 

Technical University of Liberec 
ganna.ungur@tul.cz; jakubhruza1@seznam.cz 

          
 
The aim of this work is the development of nanofibers 
with the active nanoparticles of metal oxides inside the 
structure of fiber’s layer. Metal  nanoparticles have 
unique physico-chemical properties advantageous for 
catalytic and antibacterial applications which differ from 
bulk materials. Within this work different concentration 
of the  nanoparticles of copper oxide (CuO) and titanium 
dioxide (TiO2) were incorporated into the polumer 
solution of polyurethane (PUR). The obtained 
nanoparticle-solution systems were mixed by  magnetic 
stirrers for 12 hours. Composite nanofibers were produced 
by electrospinning according to Nanospider technology . 
Prepared fibers with TiO2 nanoparticles were tested on 
catalytic filtration activity. For CuO-containing 
nanofibers test for antibacterial properties was done.  

 
INTRODUCTION 
Increasing of the people concentration and activities (for 
example combustion engines, local heating etc...) leads to 
the problems of  the breathable air quality. For the new air 
condition and ventilation systems is necessary to be able 
to decrease concentration of  toxic polutants such as solid 
particles, nitrogen oxides, carbon oxides, polyaromatic 
organic substances and microbiological objects. The 
process of purification of gas emissions and organic 
dangerous compounds can be based on the adsorption, 
absorption, and catalytic methods. The most effective tool 
for decontamination of pollutants to a level of maximum 
permissible concentrations are the catalytic reactions. At 
present more and more widespread have obtained  bulk 
(granular) and monolithic multicomponent catalyst 
systems containing active metals in various media.[1]  
Filtration is the leading nonbiomediapplication of 
electrospun nanofibers, with products containing layers of 
nanofibers already in the marketplace. It is also one of the 
areas where nanofibers are likely to make a significant 
and lasting impact.[2] But nanofibers from pure polymers 
will not demonstrate the catalytic activity.The 
electronic,catalytic, optical, and chemical properties of 
nanoparticles may be very different from those of each 
component in the bulk. There is an increasing interest in 
reducing bacterial harmfulness in recent years because 
bacterial infection is one of the major clinical 
complications. Prevention of bacterial-related infection 
remains a major challenge for the delivery of quality 
medical care and the problem results in a high rate of 
mortality and morbidity thereby significantly increasing 

health care costs. Copper and its oxide have been reported 
to have the capability to kill some bacteria.[3] 
 
EXPERIMENTAL 
Eliminations of two dangerous polutants will be 
shown:elimination of oxides NOx and organic compounds 
in air by PU nanofiber layer with TiO2 nanoparticles; 
elimination of bacterial contamination by PU nanofiber 
layer with CuO nanoparticles.  
Description: PU nanofiber layers with different 
concentration of CuO and TiO2 particles on surface were 
produced. Then the morphology of the nanofiber mats had 
been analysed by scanning electron microscope (SEM). 
The test of particle filtration efficiency by Sodium 
Chloride aerosol was provided. The reason is that these 
materials will be used both for the particulate (as a final 
filter) and for catalytic filtration. Antimicrobial tests were 
provided for the samples PU/CuO (PU nanofibers with 
CuO nanoparticles). For these tests were used bacteria E-
coli and Staphylococcus aureus.  In terms of  tests was 
detected drop of  antimicrobial ability during the flow 
through the filter (filter lifetime). Tests of the combustion 
engine emission catalytic decomposition was provided for 
the samples PU/TiO2 (PU nanofibers with TiO2 
nanoparticles).   
 
RESULTS AND DISCUSSIONS 
Characterization of producing materials: Through 
SEM images (Fig.1) it was found that a lot of paricles of 
CuO and TiO2 of different size are on the surfase and in 
the volume of PUR nanofibers. 

1  2 
Fig. 1 PUR nanofibers with: 1 – nanoparticles of CuO;  
2 – nanoparticles of TiO2. 
 
Average index of surface density for samples of pure 
PUR is 2,8 g/m²,  with titanium dioxide equals 4,143g/m², 
the same index PUR/CuO is 12,257g/m². 
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On the basis of these data we can suggest that copper 
oxide contributes to the process by electrospinning due a 
conductive properties of copper.  

Efficiency of the filtration (E): This parameter was 
measured for samples of pure PUR and for samples with 
metal`s particles. All samples demonstrated filtration 
efficiency higher than 99 % and it means that the 
deposition of nanoparticles didn´t decrease filtration 
properties.

Antimicrobial test: For this test were used samples with 
different concentration of CuO (0,5; 1; 5%) and sample of 
pure PU nanofibers. Fibers with 0,5% of CuO have an  
antibacterial efficiency is 99.9%.  It is an excellent effect. 
For sample with 1% of CuO, there have been no bacterial 
colonies, so antibacterial efficiency is 100%. Halo of
zones (Fig.2) are for all samples show good antibacterial 
effect. The exception is sample (CuO, 5%), where the 
halo of zone in comparison with other samples of the 
smallest.    

Fig. 2. Photo of testing samples with Staphylococcus 
aureus.

Second testing method was STANDART, the number of 
bacterial colonies again renewed is approaching 500. The 
STANDART is a compact visible growth of bacterial 
strain St Aureus. PU fibers with CuO (0,5 and 1%) have 
demonstrated  antibacterial effect equals 99,9%. Sample 
with 5% of CuO has 100% efficiency. . Then we decided 
to check whether the samples with copper oxide exhibit 
antibacterial activity continuously. For to find out this, the 
samples were washed by water under constant pressure 
for four hours.The results of repeating test have shown, 
that PU nanofibers with 0,5% have antibacterial 
efficiency 94%; with 1% - efficiency 95,2% and with 5% 
- efficiency 97,7%. So prepared  materials have 
demonstrated prolongation effect of antibacterial activity.
Test for catalytic activity: The samples PU/TiO2 were 
tested for the ability to react with organic compounds and 
oxides of combustion engine emissions. Fig. 2 shows that 
the fibers exhibit the catalytic activity, capture a certain 
number of test reagents, and reduce the hit in the air of 
harmful substances.

Fig. 3. Graphics showing the increase in catalytic activity 
of samples with TiO2 in comparison with pure PUR 
samples.

CONCLUSIONS

The result of our work is the obtaining of PUR nanofiber, 
modified by particles of copper oxide and titanium 
dioxide. The modification process included the 
introduction of oxides of catalytic agents in the 
polyurethane solution, stirring for 12 hours with followed 
obtaining nanofibers by elektrospinning technology on the 
Nanospider system. The structure of the obtained fibers 
was studied on SEM. Photos showed the presence of 
particles of entered modifycators in the structure of the 
fibers. Fibers with copper oxide have very high surface 
density, indicating the beneficial effect of copper on the 
course of the process of electrospinning. The use of 
catalysts has no negative impact on the excellent filtration 
properties of polyurethane fibers. Nanofibers with 
titanium dioxid (5%) showed catalytic activity in 
reactions of passage of organic compounds, and  
nitrogen oxides in comparison with samples of pure PU. 
The samples with CuO have high antibacterial properties 
(efficiency 100%). Prolongetion effect of antibacterial 
properties in time was tested by washing with water under 
pressure for 4 hours. The fibers with 5% CuO preserved 
the effectiveness of antibacterial action 97.7%.

FUTURE WORK 

In the future we plan to conduct tests on the catalytic 
activity of fibers in contact with other harmful gases 
(carbon oxides, sulfur oxides). Also the list of used 
catalysts and polymers for modification will expended.
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INTRODUCTION 
Vapor-permeable waterproof fabrics have been developed 
for use in garments to provide protection of the human 
body from environmental factors while allowing water 
vapor to diffuse through. An electrospinning technique 
has been applied as one approach to develop a vapor-
permeable waterproof material. Electrospinning provides 
an ultrathin membrane-like web of extremely fine fibers 
with very small pore size, which is attractive for use in 
high performance apparel. For applications such as 
clothing materials, the changes in vapor permeability and 
waterproofness after laundering need to be examined. In a 
previous study [1], the effect of laundering on thermal and 
water transfer properties of nanofiber web was addressed. 
However, there is a lack of research investigating the 
reason for the changes of vapor transport after repeated 
laundering. The barrier and comfort performance of 
vapor-permeable waterproof materials would be closely 
related to pore size and pore size distribution of the 
material. Thus, the relationship between vapor transport 
and pore size distribution of vapor-permeable waterproof 
materials needs to be explored. 
In this study, we prepared three kinds of nanofiber web 
laminates using a mass-produced electrospun nanofiber 
web with different substrates and layer structures, to 
develop a vapor-permeable waterproof material. The 
waterproofness and vapor permeability of nanofiber web 
laminates were evaluated after repeated launderings and 
compared with those of conventional vapor-permeable 
waterproof fabrics currently in use, including densely 
woven fabric, microporous membrane laminated fabric, 
and coated fabric. Also, changes in the pore size 
distribution of those materials after repeated launderings 
were investigated.  

EXPERIMENTAL 
Nanofiber web layered fabric systems were fabricated 
using a mass-produced electrospun nanofiber web 
supplied by Finetex Technology Co. The nanofiber web 
was laminated on substrate fabrics using a mesh roller and 
polyurethane adhesive to support the thin nanofiber web. 
Three kinds of nanofiber web laminates with different 
substrates and layer structures were prepared. Two kinds 
of two-layer construction were fabricated in which 
different substrates were used. A densely woven polyester 
fabric and a regular polyester fabric were chosen for the 
substrate, respectively. A three-layer structure was also 

constructed, in which a regular polyester fabric and a 
nylon tricot were used as substrate fabrics. 
For comparison of vapor permeability and 
waterproofness, three kinds of typical vapor-permeable 
waterproof fabrics currently in use were selected. They 
were a densely woven fabric, a microporous 
polytetrafluoroethylene (PTFE) membrane laminated 
fabric, and a hydrophilic nonporous polyurethane (PU) 
coated fabric. 
To investigate the vapor permeability and waterproofness 
of the materials after repeated launderings, vapor 
permeability and waterproofness were re-measured after 
one, five, and ten laundry cycles, and then compared with 
the properties of the materials prior to being laundered. 
The laundering was performed based on JIS-L1089. 
Resistance to water penetration of specimens was 
measured according to ISO 811. Air permeability was 
assessed according to ASTM D 737. Water vapor 
transmission rate was evaluated according to ISO 2528. 
Pore size distribution was measured by a capillary flow 
porometer (Model ACFP-1500-AE, Porous Materials, Inc., 
USA).   

RESULTS AND DISCUSSION 
Waterproofness and vapor permeability of the nanofiber 
web laminates were evaluated after repeated launderings 
and compared with those of conventional vapor-
permeable waterproof fabrics currently in use. Nanofiber 
web laminates exhibited water vapor transmission rates 
similar to that of PTFE laminated fabrics but much higher 
than that of PU coated fabrics.  
The water vapor transmission of nanofiber web laminates 
increased slightly after repeated launderings, whereas the 
air permeability somewhat decreased after 10 launderings. 
The changes in air and moisture vapor transport properties 
may be due to changes in pore sizes in the nanofiber web 
laminates after repeated launderings. In a study on 
developing an experimental model to predict water vapor 
transport of textile fabrics, Whelan et al. [2] reported that, 
for the same fractional pore area, resistance decreases as 
pore diameter decreases. Thus, pore diameter and the 
number of pores may have a major impact on moisture 
vapor transmission through fabrics. Pore size distribution 
was assessed for these layered fabric systems after 
repeated launderings to examine the effect of laundering 
on pore size. As compared with the unwashed specimens, 
a significant increase in the number of relatively small 
pores was found after 10 launderings. We assume that 



repeated launderings may have created physical changes 
in the nanofibrous membrane, resulting in the increase in 
the number of relatively small pores. This greater portion 
of relatively small pores may lead to the higher water 
vapor transmission and lower air permeability.  
On the other hand, densely woven fabrics exhibited 
higher air permeability after 10 launderings. We measured 
pore size distribution on the densely woven fabrics after 
repeated launderings and found that the diameter at 
maximum pore size distribution as well as the largest 
detected pore diameter increased after 10 launderings for 
the densely woven fabrics. We assume that, for the 
densely woven fabrics with no lamination or coating, the 
physical stresses of repeated launderings may have a 
direct impact on the interyarn spacing and interfiber 
spacing, resulting in the increase in the number of 
relatively large pores. Nanofiber web laminates showed 
air permeability lower than that of densely woven fabric 
but much higher than that of the coated fabrics and 
laminated fabrics.  
Repeated laundering reduced the resistance to water 
penetration of nanofiber web laminates as well as that of 
conventional vapor-permeable waterproof fabrics. This 
implies that laminating techniques or substrate materials 
that could support waterproof properties of the laminated 
structure should be explored.  
  
CONCLUSIONS 
In this study, waterproofness and vapor permeability of 
nanofiber web laminates and conventional vapor-
permeable waterproof fabrics were investigated after 
repeated launderings for applications such as clothing 

materials. We also evaluated the changes in pore size 
distribution of those materials after repeated launderings.  
The water vapor transmission of nanofiber web laminates 
increased slightly after repeated launderings but the air 
permeability somewhat decreased after 10 launderings. 
We assume that the changes in air and moisture vapor 
transport properties after repeated launderings were 
associated with the changes in pore size distributions. 
Repeated launderings may have an influence on the 
increase in the number of relatively small pores in the 
nanofiber web laminates, resulting in higher water vapor 
transport and lower air permeability after repeated 
launderings.  
Air and moisture vapor transport properties of nanofiber 
web laminates were still in an appropriate level after 
repeated launderings, but the nanofiber web laminates as 
well as conventional vapor-permeable waterproof fabrics 
that we examined showed a decrease in the resistance to 
water penetration after launderings. Further research is 
needed to improve waterproofness of nanofiber web 
laminates after repeated launderings.  
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ABSTRACT

The research evaluates change in heat transfer and relative 
humidity in a spring type of shape memory alloy (SMA)
attached fabrics. Since newly developed SMA is sensitive 
to temperature, and expands rather quickly when exposed 
to the low temperature, the SMA can be used to adjust the
microclimate volume between layers in a multilayered 
garment system. Three types of polyester knit fabrics 
were embedded with SMA springs and microclimate was 
measured by Human-Clothing-Environment (HCE) 
simulator. The data shows that microclimate temperature, 
formed by SMA springs between the fabrics, is obviously
different from that of the multilayered system without 
SMA springs

INTRODUCTION

In our previous studies, we have reported the possibility 
of using SMA springs to make smart cold protective 
clothing [1]. Several conditions, such as size and 
distribution, of the spring of SMA were reviewed and 
tested to improve a function of garment system [2]
However, most of experiments focused on the change in 
temperature. In this study, in order to select the fabrics to 
embed the SMA springs and study the effect of 
microclimate humidity changes, we selected there
different types of polyester fabrics which have different 
pore sizes.

APPROACH

Specimen

For this study, three types of the fabrics are prepared and 
tested. Table 1 and Figure 1 show characteristics of the 
fabrics.

Table 1. A summary of fabric specification

Fabic
Contents 

(%)
Thickness 

(mm)
Weight 
(g/cm2)

Air 
Porosity 

(%)

A 
PET 

100%
0.77 293 76.5

B 
PET 

100%
0.64 130 85.5

C 
PET 

100%
0.54 164 78.3

    
(A)                         (B)                         (C)

Figure 1. Three types of the fabrics

SMA springs

Response temperature to extend below 24.5°C while 
constricted at room temperature was used. Wire diameter 
was 1mm and the spring diameter was 17mm.

Test methods

HCE (Figure 2) was used to measure the temperature 
adaptability of SMA springs attached fabrics at the 
following test protocols [3].

Figure 2. Human-Clothing-Environment Simulator

Environmental conditions are simulated in two types, hot 
and cold. Temperature is 26 ± 1°C in a hot chamber, and 
it is 1 ± 1°C in a cold chamber. Relative humidity is 50 ±

5% in both of the chambers. Hence, the test rig ②   in 
Figure 2 is exposed in the cold chamber in 30 min at first,
and then exposed in the hot chamber in 30 minute as 
shown in Figure 3.

Figure 3. Microclimate test protocol



Buffering capacity 
By using resultant data, a buffering capacity ( ) is 
calculated as a physical characteristic to evaluate thermal 
insulation of clothing. It is explained by equation (1) and 
Figure 4. 

    

                                                        (1) 

 

Figure 4. A buffering capacity  ( ) 

Where tan α is an initial increase rate of temperature,  ∆T 
is temperature difference between initial and final state of 
cold environment, and C is constant (100) 

RESULTS AND DISCUSSION 
Microclimate temperature change in fabric A, B, and 
C with and without SMA 
The research conducts a pilot testing by using three types 
of multilayered systems which have different air 
permeability based on a testing procedure. Generally, an 
air layer, formed by SMA, plays a role of thermal 
insulation within a limited volume. Thus air layer less 
than 14mm ± 1 was judged to be a desirable on thermal 
clothing.  
 

 
                                     (A) 

 
                                       (B) 
Figure 5. Microclimate temperature change in fabric A, B, 
and C without (A) and with SMA (B) 

However, as its volume exceeds the limitation, the air 
layer loses the thermal insulation and assists decrease of 
temperature due to its low heat conductivity. Therefore, 
temperature in A, B, and C multilayered systems with 
setting up SMA is generally higher than that of those 
multilayered systems without setting up SMA under a dry 
condition as shown in Figure 5 (A) and (B).  
 
In addition, temperature and relative humidity in the 
multilayered depends on whether attachment of SMA 
under a sweating condition. It means that temperature is 
lower than that under a dry condition due to endothermic 
reaction by water molecules. Furthermore, according to 
change in pore size by acting on SMA, temperature and 
relative humidity is different.  
 
Buffering capacity 
Based on resultant data, the buffering capacity is 
calculated as shown in Table 2. 
 

Table 2. A buffering capacity with SMA and without 
SMA 

Speciment      ∆T tanα   

Without 
SMA 

A 30.06 27.75 2.31 0.19 227 
B 29.59 27.62 1.97 0.23 220 
C 29.72 27.19 2.53 0.40 98 

With 
SMA 

A 29.81 27.73 2.08 0.23 209 
B 29.74 27.29 2.45 0.27 151 
C 29.71 26.81 2.90 0.45 76 

  
CONCLUSION 
From the experiments, the research found that pore size in 
the fabric layers, fabricating a multilayered system, 
influences thermal insulation in a multilayered system. In 
addition, the thermal insulation of the multilayered system 
setting up SMA under a given wet condition can be 
different from that under a given dry condition. Hence, 
the research recognizes that it is important to control the 
amount of air layer in microclimate by using SMA. 
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ABSTRACT  
In this research focused on dyeability of rayon/Hanji 
mixed fabrics using Dendropanax morbifera Lev.(called 
as "Hwangchil") Especially, the results were in 
comparison to the dyeing properties of Hwangchil with 
liquid/solid fermentation or not. As the results, the ∆E 
difference was dominated when the fabric dyed with 
fermentation by solid state at 60℃. And it was confirmed 
that the pH of fermented dye had an important influence 
in the coloration. 
 
INTRODUCTION 
A similar silk that called "Ponggi (Gyeongsangbukdo, 
Korea) Ingyeun" in Korea is entirely viscose rayon of 
which made main component refined larches and cotton 
linter. It also is natural fabrics with light weight, cool 
texture, free from the body and well ventilation property, 
so, feel good touch during the wearing. In addition, it 
often used as summer cloths and slipping gears because it 
has good absorbency to perspiration and antistatic. The 
"Hanji", made of paper mulberry, is known as useful 
material for human. Hwang-chil (Dendropanax morbitera 
Lev.) belongs to in KOREA and is considered to be along 
with Ginseng. The physical properties of it have been 
reported as having scavenging effect on oxygen free 
radicals and anti-carcinogenic effect. Hwang-chil extracts 
with and without fermentation dye was accessed   to 
special fabrics. 
 
EXPERIMENTAL 
The used mushroom fungus was supplied from 
KCTC(Korean Collection for Type Cultures) and 
KACC(Korean Agricultural Culture Collection) in Korea.  
The artificial silk/paper fabric has been evaluated and 
found to be in compliance with the specification for 
manufacturing and performance outlined in ISO 
Document 105 F 06 (US). The color characteristics were 
evaluated using a CCM (X-Rite 8200, USA). The 
washing fastness tested according to KS K 0430 A-1 
(2001). 

RESULT AND DISCUSSION  
The natural dyeing on artificial silk/paper under different 
conditions for dyeability. The extracted and dyed fabrics 
were investigated the properties of color shade by CCM 
system. Especially, the results were in comparison to the 
dyeing properties of Hwangchil with liquid/solid 
fermentation or not. As a result, the ∆E difference was 
dominated when the fabric dyed with fermentation by 
solid state at 60℃. And it was confirmed that the pH of 
fermented dye had an important influence in the 
coloration. 
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Table I. Characteristics of Artificial silk/paper before washing 

 
Table II. Characteristics of Artificial silk/paper after washing 

Treatment 
Condition L* a* b* C h R △E K/S 

Received 
Sample 

75.82 -0.25 1.06 1.09 103.37 70.77 - 0.2987 

Fermented solid 75.55 0.92 -1.00 1.36 312.96 29.69 5.84 0.8325 

Fermented liquid 76.52 1.36 -3.51 3.76 291.34 33.02 7.34 0.6791 

Fermented solid, 
Chitosan 74.45 0.97 1.36 1.69 53.68 27.54 8.57 0.9542 

Fermented liquid, 
Chitosan 76.47 1.42 -3.29 3.59 293.54 32.43 8.53 0.7037 

Extraction 73.10 -3.49 17.29 17.64 101.38 16.87 6.26 2.0557 

Grinding, Smash 75.32 0.34 0.66 0.74 62.56 27.74 6.90 0.9411 

Fermented powder 75.33 0.02 0.44 0.44 86.95 27.89 6.31 0.9331 

 

Treatment Conditions L* a* b* C h R △E K/S 

Control 75.82 -0.25 1.06 1.09 103.37 47.01 - 0.2987 

Fermented solid 75.34 -0.41 4.67 4.69 95.12 37.92 3.65 0.5087 

Fermented liquid 74.89 -0.39 5.01 5.03 94.64 39.72 4.08 0.4587 

Fermented solid, Chitosan 72.70 0.18 8.44 8.45 88.74 30.59 8.03 0.7875 

Fermented liquid, Chitosan 74.54 -0.35 4.82 4.84 94.16 40.09 3.98 0.4475 

Extraction 74.21 -2.63 11.22 11.53 103.22 14.12 10.57 2.6231 

Grinding, Smash 72.98 -0.74 7.06 7.1 96.13 28.72 6.66 0.889 

Fermented powder 74.14 -1.05 6.42 6.51 99.46 30.30 5.77 0.8069 
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ABSTRACT 
A numerical study was developed to analyze the potential 
cooling power of a footwear convection-based cooling 
solution. The model was used to assess the influence of 
several parameters - ambient conditions, sock properties, 
imposed flow rates - over the heat and mass removal from 
a foot. The 2D simulations indicated that the velocity near 
the sock has a major influence on the heat/mass removal. 
The 3D simulations showed there are several possibilities 
for improvement of the overall performance of the 
system. 
 
INTRODUCTION 
The ability to cool by evaporation of sweat is of 
paramount importance for the thermal comfort of humans. 
However, there are situations in which that avenue for 
cooling is hampered, such as when the materials/products 
surrounding the body (e.g. footwear, clothing, helmets, 
etc.) have low permeability and/or high water vapour 
resistance. This is the case for human activities in 
challenging environments from the thermal point of view 
(fireman, military personnel, furnace operators, etc.) 
which, thus, require the use of thick protective equipment 
(garments, footwear, gloves, helmet, masks, etc.). These 
conditions often lead to moisture build-up near the skin, 
which diminishes the cooling potential of sweating due to 
a decrease in the evaporation driving force (i.e. water 
vapour pressure gradient). As a consequence, the body 
may be exposed to strong thermal discomfort with 
potentially harming consequences for health. However, 
this problem can be mitigated by solutions favouring 
sustained evaporation of sweat, e.g. by imposing some 
degree of convection near the skin through the use of 
mini-fans integrated in the garments. As a follow up to 
the work of Neiva et al. [1], numerical simulations were 
conducted aiming at investigating further the potential 
cooling power of such solutions, in particular for footwear 
products. 
 
NUMERICAL APPROACH 
This section provides details on the numerical 
computations carried out in this work. 
 
Domain Geometry and Boundary Conditions  
Two different geometries were used to study the effect of 
enhanced convection inside footwear: i) a 2D channel 
through which air is forced to flow, with a lower porous 
layer representing the sock and an upper boundary 
representing the footwear (Fig. 1a); ii) a 3D geometry 

representing the air between the skin (i.e. inner boundary) 
and the footwear (i.e. outer boundary; Fig. 1b). For the 3D 
simulation, the inlet was assumed to be in the toes region 
whereas the outlet was assumed to be in the heel region.  
For the 2D geometry, 0.1 m long layers were considered, 
with thicknesses of 10-3 m (sock) and 2x10-3 m (air layer). 
A 2x10-3 m thick air layer was considered for the 3D 
geometry. To decrease computational cost in the 3D 
simulations, symmetry was assumed along the vertical 
plane crossing the foot at the ankle and toes, and no sock 
was included in the (3D) computations.  

By default, the skin was considered to be at 33 ºC, 100 % 
relative humidity (RH; fully saturated), whereas the 
footwear surface was taken as adiabatic (Table I). 
Ambient pressure was considered at the outlet for both 
geometries. Typical ambient conditions were considered 
at the inlet, i.e. 25 ºC, 50 % RH. The air speeds at the inlet 
were obtained from the operating point of the fan(s) 
needed to impose the flow. 

  
(a) (b) 

Figure 1. (a) 2D-geometry and (b) 3D-geometry 
 
 

Table I. Boundary conditions (B.C.; see Figure 1) 

 Boundaries 

 skin footwear inlet outlet 
Air speed [m/s] - no-slip * - 
Vapour conc. [mol/m3] 1.976 adiabatic 0.639 - 
Temperature [ºC] 33 adiabatic 25 - 
Relative pressure [Pa] - - - 0 

       *depending on the operating point of the fan(s) 
 
Transport Phenomena  
The sock layer was addressed as a porous domain based 
on the model of Gibson and Charmchi [2], which 
acknowledges a “gas phase” through which diffusion 
takes place, and a “solid phase” that includes both the 
polymer and the water dissolved in it. Both heat 
conduction and mass diffusion were considered in the 
sock layer (2D-geometry) whereas heat conduction, mass 



diffusion and heat/mass convection were considered in 
the air layer (2D- and 3D-geometries). 
 
Domain Properties  
The sock layer was assumed to be made of cotton fabric 
(thermal conductivity: 0.160 W/(m∙K), solid fraction: 
0.336 and tortuosity: 2.12; [2]). The layer effective 
thermal conductivity was obtained using expressions in 
the literature [2], which take into account the average 
properties of the fibres and the average properties of the 
air in the pores. The properties of the “wet-state” fibres 
are a function of the “dry-state” properties and of the 
equilibrium moisture content (dependent on sorption 
relations [2]). Information about fabric porosity and 
tortuosity was used to compute effective water vapour 
diffusivity through the sock layer. 
 
RESULTS AND DISCUSSION 
Simulations with 2D-geometry 
The 2D simulation allowed the study of the influence of 
several parameters on the effective transport properties of 
the sock. Starting from the conditions in Table I, inlet air 
speed, temperature and humidity were changed, 
individually, in the ranges 0.2 - 1 m/s, 20 - 38 ºC and 40 -
 70 %, respectively. Raising the inlet air speed decreased 
the bounded water volume fraction by 29 %, which, in 
turn, resulted in a 9 % decrease in the effective thermal 
conductivity and a 6% increase in the effective 
diffusivity. Despite the decreased effective thermal 
conductivity, there was an overall 199 % increase in the 
dry heat removal (due to higher temperature gradient 
between sock surface and flowing air) and a 69 % 
escalation in the mass removal. The increase in the inlet 
temperature (from 20 ºC to 38 ºC) had a small effect over 
the effective thermal conductivity and diffusivity (3 % 
and 4 %, respectively). However, as expected, there was a 
big change in dry heat removal, particularly for inlet air 
temperatures above the skin temperature (33 ºC), where 
there was actually (dry) heat gain by the foot. In these 
conditions, only sweat evaporation provided an avenue 
for cooling. The increase in the inlet humidity had also a 
small influence over the effective transport properties 
(6 % and 4 %, respectively), a negligible effect over the 
dry heat removal, but, as expected, a major impact over 
the mass removal (27 % decrease) due to a diminishing 
water vapour concentration gradient. For all tested inlet 
conditions, evaporation accounted for 66 % to 100 % of 
the cooling provided to the foot. Furthermore, changes in 
sock properties were also studied, namely solid volume 
fraction, tortuosity, dry-fibre thermal conductivity and 
density. The solid volume fraction and tortuosity were 
found to have the most relevant effects [1].  
 
Simulations with 3D-geometry 
The 3D simulations allowed the extension of the 2D 
analysis to a more representative 3D geometry. Different 
inlet flow rates were tested (5.5 l/min and 8.4 l/min) 
corresponding to different arrangements of fans used to 

impose the flow. Focus was put on the temperatures and 
water vapour concentrations in the air layer contiguous to 
the skin (no sock was considered). As shown in Figure 2, 
the tested air flow rates do not prevent the existence of 
nearly saturated air (vapour concentration approaching 
1.976 mol/m3, i.e. 100% RH) over large portions of the 
foot surface area, where evaporative cooling is, thus, 
negligible (similar results were obtained for the 
temperature of the flowing air, suggesting that dry heat 
removal is also negligible over a large portion of the 
foot). This indicates that either higher flow rates should 
be used, or additional air inlets must be considered. 
However, this needs to be further investigated as it may 
escalate the weight to be carried (e.g. fans, batteries) and 
eventually raise comfort related issues (e.g. increased 
vibration). Nevertheless, despite the clearly sub-optimal 
flow conditions found to prevail inside the footwear, 
interesting total cooling powers of 240-340 W/m2 (85 % 
of which associated with evaporation) were obtained for 
the tested air flow rates. However, the real cooling power 
will be smaller since these figures were obtained in the 
absence of sock and with a completely unobstructed air 
flow domain. 

 

 

 

 

(a) (c) 

  

(b) (d) 

Figure 2. Water vapour concentration in the footwear inner surface ((a) 
and (b)) and mass removal from the skin ((c) and (d)), for several air 
flow rates: (a) and (c) 5.5 l/min; (b) and (d) 8.4 l/min; B.C. in Table I 

 
CONCLUSION 
This study reports a numerical investigation on the heat 
and mass transport inside a footwear product, with the 
goal of studying the cooling potential of an enhanced-
convection solution. Although interesting cooling power 
of the order of 300 W/m2 was obtained, performance 
improvements may still be achievable. 
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ABSTRACT
A Human-Clothing-Environment (HCE) simulator is a 
representative to measure a role of the multilayered 
garment system. As installing a pumping system, which
causes artificial flutter in clothing, on HCE, it is also able 
to evaluate pumping, bellow, and chimney effects by 
using a wet and dry fabric. In particular, it is possible to 
observe convection between a clothing and skin through a 
pumping effect, generated from the system. Two types of 
the fabrics are tested by HCE including a pumping system. 
While temperature in microclimate is almost not changed, 
relative humidity significantly decreased.

INTRODUCTION

The HCE is generally used to measure temperature and 
relative humidity in a multilayered garment system [1].
This means that it measures a role of liner, middle, outer 
shell, respectively under two external conditions, warm 
and cold. This environment assumes transient state
meaning change in temperature and relative humidity. 
Many researchers have studied how the external 
environmental conditions affect temperature and relative 
humidity, created by the human body, in a microclimate 
between one layer and skin. 
  
In particular, convection, air flow, is considered as a core 
factor influencing heat and relative humidity the 
microclimate and comfort of the human body [2]. In 
addition, artificial convection can be also caused by 
pumping and bellow effects through flutter of clothing in
accordance with movement of a human body. However, 
there is no any experimental apparatus measuring the 
effects regarding changing in temperature and relative 
humidity accurately. Hence, the aim of this research is to 
explain how to measure them by using the HCE. A 
system is newly added in the HCE and tests the pumping 
and bellow effects. As adding one more variable
regarding plumping and bellow effects, the HCE more 
closely mimics condition of the human body wearing 
clothing and moving in a field. Two types of fabrics are 
tested by HCE including a pumping system [3-4]. 

APPROACH

A pumping system is installed on HCE to cause flutter of 
a fabric as shown in Figure 1. A core of the system is a 
motor, which makes a decision of the number of flutter in 
clothing and give rise to artificial convection in 
microclimate. According to rotation of the motor, the 
flutter occurs 80 times per minute. In addition,  
environmental conditions are simulated in one condition: 

Temperature is 10 ± 0.5°C, and relative humidity is 50 ± 
5%.  

                                            
Figure 1. HCE installing a pumping system with fabrics 

embedded in HCE

Based on this experiment, the research prepared and 
tested two types of fabrics. Table 1 explains 
characteristics of the sample fabrics. 

Table 1. Characteristics of the sample fabric A and B

A B

Fiber 
Contents (%)  

PET (100)  PET (100)

Thickness  
(mm)

0.28 0.64

Weight(g/cm2)  2.28 0.86

Fiber type  Vinyl(PVC)  Tricot mesh  

Function  
Non-air 

permeable  
quickly dry

By using the sample fabrics and HCE installing a 
pumping system, the research follows an experimental 
protocol as shown in Figure 2. 

Figure 2. Experimental protocol

The sample fabric is conditioned for 10 minutes, and then 
it is fluttered for 20 minutes. Finally, it is conditioned for 



10 minutes again. In addition, the experimental conditions 
were as shown in Table 2.  
 

Table2 . Experimental conditions 
Fabric (A) Fabric (B) 

a b c d e 

dynamic steady dynamic steady Dynamic 
slit wet 

Dynamic (Pumping: switch on, Steady: switch off, 
Dynamic slit wet:  switch on and fabric with slit and wet 
 
RESULTS AND DISCUSSION 
A pumping effect by flutter of the sample fabrics, which 
are dry, is minimal impact on temperature and relative 
humidity in microclimate as shown in Figure 2 (A) and 
(B). This means flutter of clothing, which is dry, is almost 
no effect on temperature and relative humidity in 
accordance with movement of the human body. 
 

 
                                            (A) 

 
                                            (B) 

Figure 2. Change in temperature (A) and relative 
humidity (B) 

 
On the other hand,  A pumping effect by flutter of the 
sample fabrics, which are wet, significantly influence  
temperature and relative humidity in microclimate as 
shown in Figure 3 (A) and (B). This means flutter of 
clothing, which is wet, largely affects on temperature and 
relative humidity according to movement of the human 
body.  In addition, temperature of the wet sample fabric 
with slit is decreased, and its relative humidity is lower 
than other sample fabrics in Figure 3. 
 
 
 

 
                                             (A) 

 
  (B)                                              

 
CONCLUSION 
As installing a pumping system on HCE, the research 
confirmed that it is possible to measure changing heat 
transfer and relative humidity in microclimate while 
artificial convection occurred.  Furthermore, the research 
verified that relative humidity is sensitive to a pumping 
effect, and a role of the slit decreases temperature and 
relative humidity in a wet fabric. It means that, when a 
fabric is wet, effect of the slit is helpful to improve 
comfort of the human body.  
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INTRODUCTION 
Acoustic control is necessary in some enclosed 
spaces like lecture halls, theatres, and administrative 
buildings to achieve optimum listening conditions. 
Similarly, noise level should be reduced in some 
places such as libraries, hospital rooms for comfort 
concerns. Upholstery, carpets, and curtains can 
absorb some of the sound energy within a room; 
however, extra sound absorptive material is needed 
for further absorption.  

Nonwovens are known to have useful acoustical 
properties and are used as sound absorbers because of 
their fiber network geometry, bulk and low density.  
Nonwovens are rather complex porous structures and 
often have very low solidity.  The pores (voids) are 
rather complex also as they are in the form of a 
bundle of capillaries.  Most nonwovens would have a 
solid volume fraction of 20% or less.  These 
structures inherently have pores with tortuous paths 
and pores filled with air. This makes nonwovens 
ideal for sound absorption [1 to 6]. It is important to 
note that most sound absorbers are based on rather 
thick fibrous structures (Figure 1) or foams. 

 
Figure 1 High Loft Nonwoven 

Previous studies showed that a decrease in fiber 
diameter leads to an improvement in acoustical 
properties of nonwovens [1][3][4][6][7]. We believe 
more small pores can be constituted in a fiber 
network by using thinner fibers inside of a 
nonwoven. There will be more frictional loses due to 
expansion and contraction of the air within the small 
pores, while sound wave passes through.  
 
The aim of this study is to discuss potential use of 
spunbonded nonwovens that contain bicomponent 
islands in the sea filaments as a sound absorptive 
indoor structure. 
 
 

EXPERIMENTAL 
Fabric Formation 
Bicomponent spunbonded web was produced by 
using Nylon-6 (PA6) as the ‘Island’ polymer and 
Polyethylene (PE) as the ‘Sea’ polymer. The 
filaments in a nonwoven had a polymer ratio of 75% 
for the ‘Island’ polymer and 25% for the ‘Sea’ 
polymer. Spunbonded web with islands count of 37 
was produced at the Nonwovens Institute’s Partners’ 
Pilot facilities located at North Carolina State 
University. Nonwoven fabric was produced by the 
spunbond process and bonded (and fibrillated) by 
hydroentangling as specified in US patent 7,981,226 
by Pourdeyhimi, et.al. 
 
Testing Methods 
The impedance tube method was used in order to 
determine sound absorption coefficients of the 
nonwovens in this work. The most important 
advantage of this method and instrument is use of 
small samples. The sound absorption coefficient 
measurement instrument that was used in 
experiments is impedance Tube Kit Type 4206 
(Figure 2). 

 
Figure 2 Schematic View of Impedance Tube Device 

[Adapted from ref. #9]. 

RESULTS AND DISCUSSION 
Classic spunbonding process can produce nonwoven 
fabrics with a diameter of 10 – 80 μm [8]. On the 
other hand, spunbonding process using bicomponent 
technology is one of the available processes that can 
produce long-life nonwovens with submicron 
diameters. Final fiber diameter (island diameter) that 
nonwoven has after hydroentangling process depends 
on polymer ratio, densities of island and sea 
polymers, number of islands, and diameter of 
bicomponent filament. Calculated island diameter in 
a nonwoven for constant polymer ratio (75% PA6 as 
Island, 25% PE as Sea) for different bicomponent 
filament diameters and different number of islands 
are given in Figure 3. It should be noted that cross-
section of bicomponent filaments was assumed 



circular. Diameter of islands decreases with the 
increase in number of islands. Figure 3 below clearly 
shows diameter of islands is submicron in the red 
area. 

 
Figure 3 Change of Diameter of Islands in a Nonwoven 

In Figure 4, sound absorption coefficient results of 
the 37 islands in the sea nonwoven are given. Sound 
absorption coefficients were measured for frequency 
range from 500 Hz to 6400 Hz with 8 Hz intervals. 
The results in Figure 4 are the averages of the seven 
replicates cut from different locations of the 
nonwoven. 

 
Figure 4 Sound Absorption Result For 37 I/S Nonwoven 

Note that it is remarkable that the hydroentangling of 
a 37 islands in the sea fabric resulted in a smooth 
(Figure 5) porous surface. Since this property is an 
advantage in terms of aesthetic aspect, islands in the 
sea nonwovens can be an alternative for indoor 
structures such as wallpapers. 
 

 
Figure 5 Smooth Surface of I/S Nonwoven 

CONCLUSION 
Generally, sound absorption coefficients of 37 islands 
in the sea nonwoven are low and under 0.2. However, 
their sound absorption is high in terms of their low 
thickness around 0.5 mm. We believe sound 
absorption of multi-layer islands in the sea 
nonwovens will be much better. Therefore, future 
work will be investigation of acoustical properties of 
multi-layer structures. 
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ABSTRACT  
As a part of the study concerning Alfa fibres, this paper 
presents the spinning processing of innovative yarn made 
from various blends of Cotton and Alfa fibres. Ring 
spinning trials with very high percentages of Alfa fibres 
were performed, afterward, yarns were analyzed. 
Hairiness, evenness and tensile properties were studied 
and data on specific difficulties with Alfa, specially its 
stiffness and low extensibility were revealed. These 
particular problems also prevented the manufacture of a 
pure Alfa yarn. 
 
KEY WORDS 
Alfa, cellulose, spinning, testing, blending  
 
INTRODUCTION 
Developing textile applications from new materials or 
others already known has been a subject of interest of 
scientists for much time, in particular, when the material 
is natural and indigenous. By this study, we have mix two 
fibrous materials, a new one (Alfa) and a well known one 
(Cotton) in order to get the advantages of each one and 
find some new features which could fit with specific 
technical applications.  
The Alfa (Stipa Tenacissima L.) plant grows only in 
certain areas based on arid and semi arid climatic 
conditions and it is cultivated naturally in the North of 
Africa and Iberian Peninsula regions. It is a plant which 
belongs to the family of the graminacies perennial. Its 
stems are sclerophyllous, strong and they can be up to 
measure 1m length and 4mm width [1]. This plant can 
also be found in lesser quantities in Portugal and Italy [2]. 
Alfa has the following main advantages; it is 
biodegradable, ecological and renewable. It grows 
without insecticides or pesticides, it doesn’t require a big 
amount of water, in addition to its low cost. 
Instead of her long fibres and her renewability, this plant 
is only used for paper making or some artisanal hand 
made products [3] or for making green composites, but 
never for textile end uses. 
In this work, the aim was to process different yarns 
blended of cotton and Alfa with high Alfa content and to 
characterize each yarn by its hairiness, evenness and 
mechanical properties.  
Note that the final aim of this study is to transform the 
obtained yarns into 2D fabrics. 
 

MATERIAL AND METHODS 
Fibres preparation 
Before performing the spinning trials, Alfa fibres should 
be prepared and Cotton fibres should be selected. 
Dallel and Lallam [4] have described a method for the 
optimal extraction of Alfa fibres which they consider to 
be necessary to start with a mechanical separation which 
aims to reduce the stems section and make the following 
treatments more efficient. Then, an alkali treatment using 
a NaOH solution (3N) at 100°C for 2 hours were carried 
out in order to eliminate the non cellulosic components 
such as lignin, hemicelluloses and pectins. A final 
treatment was performed which consists on an enzymatic 
extraction which should complete the cleaning up and the 
elimination of the residual lignin and pectins which 
previous alkali treatment did not remove. 
For the best spinning conditions, we selected the cotton 
variety based on the Alfa fibres properties. The Egyptian 
Giza [5]  variety seemed to be most appropriate for these 
trials. The characteristics of both fibres are presented in 
Table I below. 
 
Table I. Alfa and Cotton general characteristics 

Properties Alfa Egyptian Cotton  
Mean length (mm) 55 35.2 
Fineness (µm) 28 15 
Tenacity (N/Tex) 0.32 0.45 
Elongation (%) 2.1 6.6 
Moisture absorption (%) 4.5 7 

 
Spinning process 
Four kinds of yarns were processed:  
1- 100% cotton (100C) 
2- 30% cotton / 70% Alfa (30C70A) 
3- 20% cotton / 80% Alfa (20C80A) 
4- 10% cotton / 90% Alfa (10C90A) 
 
For yarns 2, 3 and 4 the spinning steps were as shown in 
Figure 1. The drawing operation was repeated four times. 
The amount of material was measured at the alimentation 
and outflow steps for each operation of the spinning 
process. The spinning parameters were 40 Tex count and 
120 metric twist coefficient. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig1. The experimental spinning process 
 
Physical characterization of the yarns 
To determine the features of each produced yarn, yarn 
count was evaluated according to the ASTM 1059 
standard method, yarn evenness using Zweigle ZT 5 
tester, hairiness using Zweigle G567 tester and for the 
mechanical tensile properties we have used a MTS tensile 
testing machine according to the norm ASTM D2256. 
 
RESULTS AND DISCUSSION 
The results of the hairiness characterization and evenness 
are presented in Tables II and III. 
 
Table II. Hairiness characteristics of spun yarns 

 
 
 
 
 
 
 

 
Table III. Evenness characteristics of spun yarns 

 
We note that both of the hairiness and unevenness 
parameters increase as the percentage of Alfa fibres in the 
blend increases, which could be due to the specific Alfa 
fibre properties in particular its low elongation value and 
its brittleness. 
 
 

CONCLUSION 
So far as we know, we are the first to produce a ring spun 
yarn based on a high percentage of Alfa fibre. The 
objective of this study was to have a first approach about 
this new yarn and to understand how the yarn quality 
evolves by increasing the Alfa percentage in the blend. It 
was also interesting to process different blends of Cotton / 
Alfa fibres and analyze the obtained yarn properties. 
Because of Alfa’s specific properties and the lack of 
cohesion, a pure Alfa yarn was not possible to produce. 
The physical properties of the yarns made from Alfa / 
Cotton blends were lower than those of pure cotton yarn. 
A varietal analysis would be useful to highlight the most 
significant variety to be used for more specific textile 
applications with the same processed fibres. 
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Yarns Hairiness (S3) CV% 
100C 106.67 5.32 
30C70A 195.32 7.24 
20C80A 211.44 7.58 
10C90A 227.61 7.88 

Yarns CV%  Thin Thick Neps 
100C 15.3 77 321 187 
30C70A 26.4 421 1425 615 
20C80A 27.2 569 1758 1088 
10C90A 27.6 810 1989 1201 
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ABSTRACT 
Most of polymers are considered as dielectric materials. 
When these materials have to be used to produce some 
special parts of electronic devices, circuit boards or 
sensors they need to present some properties such as 
conductive, anti-static electricity or electromagnetic 
interference shielding ability. A method used to solve this 
problem is the addition of conductive metal filament into 
a polymer filament yarn, to get a composite material. This 
composite filament will be used as an information 
transmitter within textile fabrics. However, filaments may 
be submitted to severe friction stress, during the weaving 
process for instance. The objective of this work is to 
fabricate and to analyze the mechanical behavior of 
copper reinforced polyethylene terephthalate filaments. 
PET/copper composite filament was prepared by a co-
extrusion process. Mechanical properties of filaments 
have been quantified by tensile and pull-out analyses. The 
results of the pull-out test revealed some adhesion 
between the copper and the PET despite the existence of a 
slippage of the copper filament in the PET matrix. 
Friction and wear experiments have been performed with 
a pin on disk tribometer, under different normal loads and 
speeds. Experimental results show a satisfying wear 
resistance of filaments. 
 
Keywords: Composite filament, co-extusion process, 
mechanical behavior  
 
INTRODUCTION 
Nowadays development and industrial technology 
evolution are accompanied by a new generation of 
materials. In this case the textile industry has made 
considerable advances in the field of high value added 
textiles, mainly in the sectors of high performance textiles 
and yarns. The use of new materials with specific 
properties and the development of new structures and 
integration processes make it possible to develop fabrics 
able to convey information while being mostly based on 
properties of electric conduction. Recently two different 
methods have been developed to synthesize conductive 
yarns with mechanical properties [1-3]. The first one is 
based on the melt spinning process. The second method 
for the synthesis of conductive fibers is based on a coating 
process [4-6].  
Our research deals with a new approach for producing an 
information transmitter filament here after called 
“conductive composite filament”. This method is based 
on the co-extrusion of a conductor filament with a 
polymer. The core is a copper filament and the sheath is a  

 
PET polymer (matrix). The PET is a polymer which can 
successfully be recycled and copper offers good electrical 
properties [7]. 
Our study is divided in two parts. The first part of the 
research is devoted to analyzing the tensile mechanical 
behavior of copper filament, PET and PET/Cu composite 
filament. This part is completed by the determination of 
the pull-out energy to characterize the quality of the 
copper/matrix interface. The second part is related to the 
evaluation of the friction and wear behavior of the 
PET/copper filament.  
 
MATERIALS AND METHODS 
Three types of samples were investigated in this study. A 
copper filament, a virgin PET and our produced 
composite filament PET/copper. The copper 
reinforcement used is produced by Goodfellow 
(purity: 99,9 %) and has a diameter of 50 ± 5 µm. The 
polymer used is a virgin PET from Rhodia. 
Mechanical tests were carried out using a dynamometer 
MTS/20. All tests were performed in a temperature-
controlled room at 21 ± 1°C and 65 ± 2% relative 
humidity (RH). 
Friction experiments were performed with a translation 
tribometer.  
 
RESULTS AND DISCUSSION 
Analysis of tensile and pull-out tests 
Firstly, we studied the tensile mechanical behavior of 
copper, PET and PET/Cu composite filament. Twenty-
five filaments were tested for each specimen. The 
breaking stress ( Bσ ) and strain at break ( Bε ) are obtained 
at the breaking point and the elastic modulus ( E ) was 
calculated Table 1.  
 

 S (10-3 

mm2) 
Bσ  

(MPa) Bε  E (GPa) 

Copper 1,96 230 0,0106 93,3 
PET 27 25,7 0,016 1,31 

Composite 47,2 64,19 0,0135 8,7 
Table I: Tensile results for different filaments 
 
Filaments from virgin PET have lowest tensile 
mechanical characteristics. These properties are improved 
by adding in-situ the copper filament. Indeed, the copper 
filament has the highest mechanical properties. 
In the pull-out experiment, the copper filament is 
embedded in the PET matrix. A steadily increasing force 
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is applied to the free end of the copper filament in order to 
pull it out the matrix.  
Two types of curve were observed (Figure 1). In the first 
case (Le=4 – 6 cm), the embedded length is very small 
compared to the free part of filament, the peaks that 
occurred after interfacial failure in the descending region 
of the force displacement curves may be attributed to the 
progressive extraction of the filament. Fauvre [8] has 
observed this type of curve for weakly bonded interfaces. 
In the second case (Le=8 - 10 cm), the embedded length is 
very close to the filament free length, the shape of the two 
curves look like the copper filament curve. We can 
suppose that the stored energy within the system is not 
high enough to extract the filament after the initiation of 
interfacial failure and only the maximum pull-out force 
can be recorded 
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FIGURE 1: Load/displacement curves for the composite 
filament pull-out test. 
 
Tribological analysis 
During the friction test the tangential force of friction (FT) 
was collected at 22°C. The friction coefficient µ is then 
calculated with an accuracy of ± 0.01. 
Figure 2 represents the friction coefficient vs. the normal 
force at constant friction speeds. For speeds of 10 and 50 
mm/min, the friction coefficient is weakly dependent on 
the normal force, but for higher speed (100 mm/min) 
there has been a marked increase followed by a decrease 
after 6 N.  
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FIGURE 2: Friction coefficient vs. normal load applied at 
different speed 
 
For an applied constant normal force, it can be noticed 
that an increase of the friction speed leads to an increase 
of the friction coefficient. This increase is most important 
between 10 and 50 mm/min, the values corresponding to 
50 mm/min being approximately 1.5 times those of 10 
mm/min which can be explained by the viscoelastic 
dissipation [9].  
 
CONCLUSION 
The analysis of the results obtained from the tensile and 
pull-out tests show that the shape of the 
force/displacement curve is depended on the dynamics of 
the test and the intrinsic characteristics of the interface. It 

can be seen that the pull-out strain is lower in comparison 
with the tensile strain of Copper filament. This revealed 
that during the pull-out test that there is a sudden release 
of strain energy stored in the free part of the fiber under 
tension where the interface fails inducing a rupture in the 
free part of the filament. 
Tribological study of PET/Copper filament has revealed 
two distinct tribological behaviors. The first one when the 
friction speed is increasing for different normal loads, the 
friction coefficient tends to increase. This can be 
explained by a more important viscoelastic dissipation 
when the speed increases, resulting in an increase in the 
friction coefficient. The second one shows that the 
friction coefficient is weakly dependent on the normal 
load at 10 and 50 mm/min constant speed friction, but for 
a higher speed (100 mm/min) an increase of the friction 
coefficient can be observed, followed by a decrease after 
6 N. This study highlights the good quality of PET/Cu 
interface as well as the good wear behavior of the PET 
surface filament. These results show that the use of such 
filaments as material in weaving operation could be 
possible. 
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ABSTRACT  
This work aims to assess the relationship between the 
mechanical and the thermal properties of summer bed 
linen using different softener formulations in home 
textiles finishing. Objectively, we intend to study the 
effect of different softeners and their concentrations, 
based on non-ionic polyethylene dispersions and a 
cationic silicone softener micro-emulsion on textile 
properties. 
 
The research shown that thermal related properties are 
influenced by polyethylene softeners, while the silicone 
softener influences the mechanical behavior of the tested 
samples. Finally, selected softened samples of bed linen 
were evaluated by a dry thermal manikin to validate some 
conclusions. 
 
INTRODUCTION 
Softening is a required process stage in the finishing of 
textile products. It is usually the final step of the process 
of finishing and results from the application of 
compounds which internally lubricate the fibers and make 
the tissue more smooth, soft and flexible.  
The chemical nature of softeners can either be cationic, 
anionic or non-ionic, usually supplied in liquid 
dispersions. Their application has the purpose to facilitate 
the process and to improve the fabrics [1]. 
 
Most studies on the effect of softeners on textile 
properties have been focused on the appearance and 
maintenance properties of materials. Thus, whiteness, 
pilling formation, wrinkle recovery and dimensional 
stability were usually considered. However, despite the 
importance of the comfort properties during the 
purchasing choice by consumers, studies on the influence 
of softeners on the thermal comfort are rare [2].  
 
Also, studies concerning thermal measurements of home 
textiles with the use of the thermal manikins are 
inexistent.  
Thermal comfort is related to the sensations of heat or 
cold, moisture or dryness and influence the performance 
of textile products used near the skin, such as bed linens. 
Additionally, the mechanical properties are very 
important, because of the daily use and combined strain. 
 
 
 
MATERIALS AND METHODS 

The fabric samples are from 100 % light cotton satin, 
preferable used for summer linen, weighing 145 g/m2, 
before finishing. 
Six, commercial fabric softeners (A,B,C,D,E and F) were 
added in 5 different concentrations (5, 10, 20, 40 e 150 
gL-1) to the finishing bath composed by a resin, a catalyst 
and a surfactant auxiliary product. After impregnation 
using a pick up of 60%, the fabrics were dry at 120 ºC 
during 1.5 minutes and fixed at 180ºC during 30 seconds. 
A sample without any softener (control sample) was also 
studied. 
 
The tested mechanical and thermal properties are present 
in table I.  
 
TABLE I. Description of the tested properties made 
according specific standard tests 

Mechanical properties Thermal properties 
Tear resistance Heat flux  
Abrasion resistance Thermal resistance 
Seam slippage Thermal conductivity 

 
The obtained results were treated statistically and the 
reproducibility of the different results, for each variable, 
was tested and analyzed. 
 
RESULTS AND DISCUSSION 
The mechanical properties were improved by silicone 
softeners, which is in agreement with that described in the 
existing literature [3]. However, the polyethylene 
softeners have a different behavior, depending on the 
formulation and concentration in use. In some cases very 
high concentrations are needed to influence the studied 
mechanical properties. 
 
In order to assess the tested thermal properties, heat flux, 
thermal resistance and thermal conductivity properties 
were evaluated in the different finished samples. It was 
noted that the application of certain polyethylene 
softeners improves the thermal behavior, namely the heat 
flux and thermal conductivity.  
 
The best relationship between the mechanical and thermal 
behavior was obtained with the application of 40gL-1 of 
softener C and 150gL-1 of softener  E, , both polyethylene 
based fabric softeners. 
 
Therefore, thermal insulation of these formulations was 
evaluated through thermal manikin measurements. The 



goal was to maintain the skin temperature at 33 ºC.
(Figure 1).

FIGURE 1. Thermal manikin measurements with the 
selected finished bed linens C and E

The next figure 2 shown the heat flow comparing the 
formulation C and E with the measurement of the nude 
manikin.

FIGURE 2. The heat flux (W/m2) to maintain the skin 
temperature constant at 33 ºC

We can observe that the finished bed linen isolates
substantially the body, regardless of the formulation 
applied.

Nevertheless, no significant differences were observed 
with the use of the two different polyethylene 
formulations of softeners, in terms of thermal comfort
(Figure 3).

FIGURE 3. Enlargement of the heat flux (W/m2) to 
maintain the skin temperature constant at 33 ºC  

The slight decrease of heat flux (more isolation) observed 
in the measurements with the softener E (150gL-1), can be 
justified by the deposition of softener residues on tissue
surface, which may create a barrier to airflow and wicking
of the fabric, as was explained by Parthiban, and Ramesh
[4].

Also, the bed linen treated with the softener C (40gL-1)
need a larger amount of heat flux to maintain the skin 
temperature constant, hence can be classified as being 
cooler. These results reinforce the results drawn from the 
analysis of the thermal conductivity and thermal 
resistance.

CONCLUSIONS  

From the results it can be conclude that:
- commercial formulations of polyethylene differed 

substantially in terms of the effect caused in the 
material. 

- comfort related properties of the material are 
changed by polyethylene softener application and 
depending on formulation and concentration. 

- silicone softener influence the properties related to 
the mechanical properties of the material.

- Final studies were carried out on dry thermal 
manikin, showing that no significant differences 
were observed on bed linen with the use of different 
polyethylene formulations of softeners, in terms of 
thermal comfort. 

FUTURE WORK

The conclusions of this work still need validation in terms 
of tactile perception by consumers and will be the next 
step of this research project.
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RESEARCH OBJECTIVES 
The ongoing interests in functional apparel research have 
widened the spectrum of human-clothing interface. 
Protective clothing, medical apparels, sports wears and 
electronic textiles are few of the functional clothing 
domains that are in need of tremendous research 
feedbacks. Increasing functionality in apparels has always 
been sub-optimized when it comes for the human wearer 
comfort parameters. There are lots of research efforts 
going on with analyzing the thermal comfort, fit and 
microclimate characteristics of functional clothing [1, 2, 
& 3]. However, there is no means of measuring the active 
clothing performance levels towards human well-being. 
And, this research aims to study the bio-harmony of 
clothing (a harmonious state of clothing for adequate 
human performance and well-being) using a novel Human 
Activity Index (HAI) values. The system uses a fuzzy 
logic (FL) engine to estimate a wearer’s stress coefficient 
in the scale of 0 to 1, where 1 designates high stress 
levels. 
 
INTRODUCTION 
Clothing plays an important role between human and 
environment in maintaining a dynamic equilibrium of 
human body at various conditions [4]. In an integrated 
human-clothing environment, several parameters are to be 
taken care of to achieve an optimized clothing 
performance. Clothing performance is twofold, viz. (a) 
functional performance and (b) active interfacial comfort 
performance. Functional performance addresses the 
efficacy of apparel intended for a particular task. For 
example, effective chemical filtering by a chemical 
protective garment measures its functional performance. 
In the process of developing advanced functionally 
effective garments, very little attention has been given on 
active interfacial comfort performance. Interfacial 
comfort refers to the metric of comfort offered by a 
garment to its user, and active interfacial comfort 
performance refers to the effective contribution of 
functional apparel in maintaining adequate human 
performance under conditions of varied functional 
environments. There is no known research focused on 
measuring the active comfort performance under various 
functional clothing. In order to objectively measure the 
active performance and suitability of clothing, a new 
experimental method has been developed using 
biophysical monitoring systems. It is envisaged that an 
empirical relationship could be derived from the  
 
 

 
experiments to calculate a Human Activity Index (HAI) 
value. This HAI value will serve as an indicator for 
measuring the suitability and performance of functional 
clothing towards human well-being. 
 
APPROACH 
Two different variants of BDU garments, i.e., (1) with a 
digital green camouflage 50/50 cotton and nylon, and (2) 
flame resistant with digital green camouflage 50/25/15 
cotton, p-Aramid, & rayon were used in this experiment. 
A control garment made of 100% cotton was also used in 
this study (refer Figure 1). Ten male subjects with athletic 
fit and ages between 20 and 24 were recruited for the 
study. The subjects were required to participate in 
activities that would introduce physical strain, such as 
running on a treadmill for 15 minutes. Four physiological 
parameters, i.e., heart rate (HR), respiration rate (RR), 
Galvanic Skin Resistance (GSR) and skin temperature 
(GST) were measured in real-time on these subjects at 
three conditions (pre-activity, activity and post-activity). 
Nexus-10 Biofeedback system was used to acquire and 
wirelessly transfer to the logging system. 

As part of determining a generic index dubbed as HAI, 
we developed a parameter to determine the stress levels 
caused in these subjects. 
Since there are no known metrics to quantify stress levels 
based on these four measured physiological parameters, a 
FL engine was devised that would allow mathematical 
representation of verbal expressions. A typical verbal 
expression, or Fuzzy Rule, is 
 
“IF HR is High and IF RR is High and IF GSR Change is High 
and IF GST Change is Negative, then Stress Level is High” 
 

Figure 1. Subjects wearing (a) control garment (b) BDU 
variant 1 and (c) BDU variant 2. During each trial, the 
subjects were fitted with sensors and a transceiver system 
for data and instruction interchange 

 



Similarly, a set of 6 rules were framed to quantify Stress 
Level in terms of HR, RR, Change in GST and Change in 
GSR. These rules generate non-linear relationship surface 
between the measured parameters and stress level, as 
shown in Figure 2. 
 
RESULTS AND DISCUSSIONS 
The key biophysical measurements obtained from one of 
the subjects, under the influence of BDUs 1 and 2, are 
shown in Figure 3. GSR reflects the changes in the 
sympathetic nervous system in accordance with the 
subjects’ emotional state of being [5]. Hence, the number 
of skin conductance fluctuations (NSCF) and amplitude 
of skin conductance fluctuations (ASCF) can be used as 
an interpretation tool for evaluating human emotional 
well-being. During any physical activity, human system 
compensates for the mean skin temperature change by the 
process of vasoconstriction [6]. This is observed in the 
drop in the mean skin temperature of the subjects. This 
was consistent across the two variants of the BDUs. Both 
heart rate and respiration rate reflected the physical 
exertion involved with the activities. Figure 4 shows the 
stress levels measured with the two BDU variants. 
 
CONCLUSIONS 
Quantitative evaluation of biofeedback to estimate the 
bio-harmony has been shown to be a potential and viable 
method to evaluate BDUs. Using a fuzzy logic system 
stress level coefficients can be estimated using 
physiological parameters. These coefficients are planned 
to be used as a basis for developing a novel index called 
Human Activity Index. 
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Figure 3 Comparison of human factors under the influence of 
BDU-1 (left) and BDU-2 (right). X-axis labels 1, 2 and 3 
correspond to pre-activity, activity or stress and post-activity, 
respectively. Mean value of the control garment is shown as a 
straight line in each plot. 

 

Figure 2 Fuzzy Surface capturing the non-linear relationship 
between RR and HR (top), and GSR and GST Changes (bottom) 

 

Figure 4 Comparison of Stress Level Coefficients for the two 
BDU variants tested on 10 subjects. BDU variant 2 has shown 
lesser stress levels on the subject in most of the cases. 
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Introduction 
Synthetic fibers have become increasingly utilized in 
sportswear with innovation in fabric constructions, 
bends and finishes for technical clothing systems [2]. 
In this study, vertical wicking test, water drop test, 
dry rate test as well as air resistance test were 
conducted to evaluate the performance of 17 
commercial polyester knitted fabrics. Besides, the 
relationships among testing results and fabric 
parameters were analyzed.  
 
Experiment 
Materials 
17 knitted fabrics for sportswear from market were 
investigated in terms of vertical wicking test, drop 
test, dry rate and air resistance. The mass of fabrics 
ranged from 134 to 240 g/m2, while thickness is in 
the range from 0.4 to 0.88mm.  
 
Vertical wicking test 
In vertical wicking test, a fabric strip of 30 mm wide 
and 250 mm long was hanged vertically from a clamp 
with the lower 25 mm of the sample immersed in the 
water container. The time to reach the 20-mm mark is 
recorded.  
 
Water drop test  
Combining AATCC79-2000 and BS 4554 standards, 
50% sugar and 50% water were mixed together. 
0.02ml special water was dropped on the back side of 
fabrics.  
 
Dry rate test 
According to GB 21655 (China standard), the amount 
of 0.2ml water was dropped on fabric surface. At the 
time of 0 min, 5 min, 10min, 15min, 20min, 25min 
and 30 min, the fabric was weighed. The calculation 
is conducted by following equations:  

5 1 100
25min

i im m m
m mE

∆ = −
∆ − ∆

= ×
      

Where mi is the weight of fabrics at 5 min, 10min, 
15min, 20min, 25min and 30 min, m is the weight of 
wetted fabrics at initial time.  
 
Air resistance test 
Air resistance was measured using the air-
permeability tester (KES-F8-AP1, Kato Tech. Co.) 
developed by Kawabata [1].  
 
Results and discussion  
ANOVA test  
According to the One-ANOVA test [3], there are 
significant differences among these 17 tested fabrics 
in terms of wicking rate, drop time, dry rate and air 
resistance. Fisher’s LSD test was used to test where 
the difference lies. With regard to wicking rate, there 
are eleven groups with no significant difference 
among fabrics in the same group, but there is a 
significant difference between the groups. The 
number of group for drop test, dry rate and air 
resistance is respectively 6, 4 and 4 after conducting 
Fisher’s LSD test.  
 
According to Fisher’s LSD ANOVA test on all 
testing results, Fabric No.16 was in the first group for 
wicking test, drop test, dry rate and air resistance. It 
had highest wicking rate, and lower time in drop test, 
higher dry rate and lower air resistance. Therefore, 
from the fabrics that were investigated and tested, it 
is concluded that fabric No.16 was the best fabric in 
terms of water transport properties. 
 
Correlation among four testing 
Based on Pearson correlation coefficients, wicking 
rate and absorption time were significantly correlated 
with each other. This is possibly because dry rate 
reflects water evaporation from the fabric surface 
while wicking and dropt tests reflect liquid water 
transport through fabric. The estimated correlation 
coefficients wicking test and drop test results are -
0.549. Therefore, for a fabric with high wicking rate, 
the corresponding drop test values are low, whereas 

http://www.google.com/url?sa=t&rct=j&q=cornell+university%2C+fiber&source=web&cd=1&ved=0CCYQFjAA&url=http%3A%2F%2Fwww.human.cornell.edu%2Ffsad%2F&ei=2wVDT7zELKuXiAfM05C7BA&usg=AFQjCNGT-LeARbYNbNJs_TioFX9nbFS6sg


the water distribution values are high for fabrics with 
low wicking value. 
 
When the relationship between two variables was 
examined, the effect of other variables may be 
involved to influence this relationship. Partial 
correlation coefficient was used to under this 
condition to hold one or more variables. While mass, 
thickness, loop density or volume density were 
respectively controlled to examine, wicking and dry 
rate were still significantly and negatively correlated 
with each other but not when controlling porosity. 
The estimated correlation coefficients were -0.550, -
0.502, -0.562 and -0.515. When all fabric parameters 
were held constant, there is no linear relationship 
among four test.  
 
Correlation between fabric parameters and 
testing results 
Based on Pearson correlation coefficients, mass was 
significantly correlated with air resistance (r=0.499). 
When controlling fabric parameters except for loop 
density, the relationship between mass and air 
resistance vanished. With loop density controlled, the 
estimated correlation coefficient was 0.548. 
 
When the effect of volume density was eliminated, 
porosity was significantly correlated with dry rate 
(r=0.515). It means if the fabrics have same volume 
density, higher porosity maybe result in higher water 
evaporation.  
 
Correlation among fabric parameters 
Volume density and porosity are negatively and 
significantly correlated with high correlation 
coefficient (-0.999) whether mass, thickness and loop 
density were considered or not. 
 
Mass was significantly correlated with thickness with 
correlation coefficient being 0.494 under non-
controlling other variables. When controlling for loop 
density, the correlation coefficient was 0.509, 
whereas when controlling for volume density or 
porosity, the correlation coefficient was 0.985.  

 
Thickness and volume density or porosity always 
significantly correlated. But the correlation 
coefficient varied when differenct parameters were 
controlled. It was -0.618 and 0.616 respectively 
without controlling. It was -0.988 and 0.988 under 
controlling for mass, because volume density and 
porosity were calculated based on thickness. It was -
0.620 and 0.617 when holding loop density constant. 
Therefore, mass and loop density affect the 
relationship of thickness and volume density or 
porosity. 
 
Mass and volume density or porosity was correlated 
at 0.983 and -0.983 with thickness being constant. 
But without controlling, this correlation did not exist. 
 
Conclusion  
This study used three tests to measure the moisture 
transport properties of the seventeen fabrics. There 
was significant correlation between wicking test and 
drop test, whereas all fabric parameters were held 
constant, there was no correlation between them. 
From the fabrics that were investigated and tested, it 
is concluded that fabric No.16 was the best fabric in 
terms of water transport properties. 
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Loose network of natural and synthetic fiber 
assemblies are used in many products in 
everyday life, such as carpets and pillows. Many 
of these fiber assemblies are subjected to cyclic 
loading. In such applications, damage resistance 
of fiber assemblies under cyclic loading 
determines their useful life span and reliability 
of performance.  Despite the large demand and 
economic value of these products, an adequate 
model for these materials has not been 
developed.  Fiber to fiber interactions within the 
fiber assembly plays a significant role in their 
behavior. However, fiber to fiber interactions 
depends on the geometry and morphology of the 
fibers in the fiber assembly. In this work we 
explore the dependence of the behavior of fiber 
assembly on the geometrical and morphological 
aspects of fibers. 

Goose down is one of the most desirable 
materials for these applications because of its 
superior insulating capability and phenomenal 
lofting performance. These characteristics make 
goose down the preferred fill material for luxury 
comforters and pillows and, in turn, make it 
extremely valuable in the consumer market. 
Goose down shows exceptional performance 
under repeated compression-recovery cycles. By 
studying the structure one can gain valuable 
insight into the mechanisms that allow this 
organic material to outperform man-made 
products.  The morphology of goose down is 
explored here at the macro scale (Figure 1) and 
then on the micro scales (Figure 2) in order to  

 

 

gain insight into the key mechanisms that 
influence its compressive response.  

Compression/recovery behavior of goose down 
is developed with a view to create specialty 
products from synthetic fibers based on the 
evaluation. The structure of down is discussed, 
and the experimental procedure and preliminary 
discussion of results are presented. Unlike 
ordinary feathers, down forms a three-
dimensional configuration. It has long, soft 
filaments protruding from a quill point in all 
directions. The quality of a specific type of 
down is determined by fill power. The higher the 
fill power better is the down. The fill power is 
controlled by blending with “half-feathers”.   

The experimental program consists of four 
independent variables: types of feather, bulk 
density, and compression/strain rate and 
compression ratio. Each sample of down is 
subjected to repeated (five) 
compression/recovery cycles (Figure 3). There is 
a five minute recovery period between each 
cycle. The behavior is analyzed using neural 
network model for an understanding of the 
deformation process. 
                                        
The loading path of the first cycle is very 
different from the rest.  It has a much flatter 
slope, and the energy required is much larger 
compared to the rest of the cycles.  Within the 
sample, the deformation is caused mostly by 
sliding of down instead of deformation of the 
down structure itself.  After 5 cycles, the 
behavior begins to stabilize and small change is 
observed.  This suggests two separate 
mechanisms - one for the first cycle and one for 
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after five cycles. Both mechanisms will be 
discussed. 
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                                        Figure 1. Down feather                            Figure 2. Down filaments and fiber 

 
 

 
Figure 3.  An example of the compression-recovery curve for 5 cycles 
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ABSTRACT 
A wide range of parameters affect electrospinning 
system. Jet charge density is known as one of the 
important parameters affecting the fiber diameter. 
Herein, we investigated that applied voltage flow 
rate of polyvinyl butyral polymer solution affect 
electric current which has a role on jet regimes(e.g. 
stable jet, fluctuated jet and stable jet with polymer 
drops). Resultant fiber morphology was different on 
each regime. 
 
INTRODUCTION 
Effects of parameters on electrospinning system 
have been studied for many years. Jet charge 
density is known as one of the important parameters 
affecting the fiber diameter. It was found that when 
charge density increase fiber diameter decrease [1]. 
Deitzel et. al. studied about processing variables on 
the morphology of electrospun nanofibers and 
found that the onset of bead defect formation 
increased with current as a function of voltage [2].  
In this work current was measured and recorded in 
real time. Pokorny et. al. measured the current via 
oscilloscope for understanding the theoretical 
description of electrospinning [3].  
Herein, current was linked to flow rate of polymer 
solution and applied voltage. It was found that net 
charge density appears to be related to the flow rate, 
at least for high flow rates in PEO solution [4]. 
Electric current in electrospinning was measured in 
real time by applying variable voltage, flow rate 
and needle diameter to PVB polymer solution. 
Effect of needle diameter on current has not been 
worked before. It was observed that changes in 
current yielded to different jet regimes which were 
correlated with fiber morphology. 
 
EXPERIMENTAL 
Polyvinyl butyral (PVB) was purchased from 
Kuraray - the grade Mowital B 60 H (mol. weight 
60.000 g/mol). Ethanol was used as the solvent of 
PVB. ZnCl 2 salt was purchased from Lachema. 
Conductivity (Radelkis OK-102/1), viscosity 
(Haake Roto Visco 1 at 23 C°), surface tension 
(Krüss K9) tests were done. SEM images were 
taken by Phenom FEI. Current test was done with 
HP Hewlett Pack 34401A multimeter. Sony 
Handycam Emount was used for records. 
8% wt PVB60H was prepared. 0.1% ZnCl 2  was 
added to ethanol and mixed. Later, salt solvent 
mixture was added on the PVB. All solutions were 

spun on needle- electrospinning system (Fig. 1) in 
proper conditions as shown in Table I. Current 
apparatus was connected to collector.  
 

 
Figure 1: Diagram of needle-electrospinning 

system. 
Table I: Spinning Conditions of PVB polymer 
solution 

Applied 
Voltage(kV) Distance(mm) 

Needle 
Dia. 

Outer/Inner 
(mm) 

Feed 
Rate(ml/h) 

Temp. 
(°C) RH(%) 

15-17-19-
21-23-25 152 

0.4 (0.21) 
0.6 (0.33) 

  0.8 
(0,514) 

0.2-0.6-
1.0 23 35 

The electric current in the electrospinning process 
was determined by having an ohmic resistor 
(9841Ω) in series between the collector and the 
ground (Fig. 1). Electric current was calculated 
using Ohm’s law. 
 
RESULT AND DISCUSSION 
Jet regimes: 
a-fluctuating jet:  the polymer solution that reach 
the end of the needle is immediately ejected as jet, 
until the solution is exhausted from the tip. So, 
when the jet reaches the collector, electric current is 
observed and when the jet stops it seized in the 
circuit. As the flow rate was maintained by the 
syringe pump, the polymer solution is again 
replenished. Because of the high electrical field 
applied, the above process take places repeatedly 
leading to rapidly fluctuating jet [5]. 
b-stable jet: electric current measured with stable 
jet. 
c-a stable jet with polymer drops: jet until the 
drop is collected (geed rate is high due to voltage). 
It takes time to collect the drop. It is slow process 
of regime (a). After drop fall down from the tip of 
needle, a stable jet continues. 
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The jet current was measured as a function of 
applied voltage, flow rate and needle diameter. 
From the real measurement of the electric current in 
data acquisition and camera system, it was observed 
that there is a relationship between jet regime and 
current.  (See Fig.2).

Figure 2: Different jet regimes at 0.4mm needle 
outer diameter and 1.0ml/h feed rate.

Fig. 2 shows that all jet regimes in one experiment. 
The stable jet regime occurred at proper voltages 
where the jet flow rate was equal to the feed rate, 
the stable jet with droplets occurred at low voltages 
where the jet flow rate was lower than the feed rate 
and the fluctuating jet regime occurred at higher 
voltages where the jet flow rate exceeded the feed 
rate. There was no corona discharge during 
spinning. SEM images are shown in Fig. 3 for each 
regime.

                     (a)                                  (b)

(c)

Figure 3. SEM images of various jet regimes (a)

the fluctuating jet, (b) stable jet, (c) stable jet with 
polymer droplets.

Bead−on−fiber structures were more prevalent 
when polymer solution was electrospun at high the 
applied voltage. Fiber diameter was increased with 
voltage (Fig. 4).

Figure 4. Fiber diameter of various jet regimes
Needle diameter affected jet regimes. At high 
needle diameter it was observed that more 
fluctuating jet regimes. At higher needle diameter, 
stability of flow rate from the needle tip is lower. 
More solution is suddenly moving towards to 
collector and spinning very quickly.

CONCLUSION

In this study the characteristics of the jet were 
recorded while electrospinning was performed with 
variable flow rate at different constant voltages and 
with variable needle diameter at different constant 
voltages and feed rate. Jet regime was changed by 
changing current and the morphology of the fibers 
was observed. The results show that the type of the 
jet can be determined by observing the electric 
current during the electrospinning process. As a 
result the morphology of the fibers can be 
determined.

FUTURE WORK
Current test will be done for roller electrospinning 
system to clarify mechanism of roller 
electrospinning system and jets for future work.
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OBJECTIVE 
Cotton is widely applied natural fiber. It is commonly 
used in different textiles, especially clothing [1 – 3]. In 
recent years an intensive development of man-made fibres 
is observed. Nevertheless, a share of cotton in the total 
amount of textile fibres processed all over the world is 
still significant, ca. 38- 40 %.   
Due to their excellent hygienic properties and natural soft 
hand cotton fibres are applied in textiles for people with 
different diseases, especially skin problems and allergic 
conditions. 
Therapeutic textiles are one of the most important topics 
of the research works carried out in Textile Research 
Institute in Lodz (Poland). The paper presents examples 
of the innovative fabrics developed in the Institute. 
Presented inventions are based on cotton and its blends 
with other fibres.  
 
ECOLOGICAL WOVEN FABRIC WITH MICRO-
MASSAGE FUNCTION  
Ecological woven fabric with micro-massage function is a 
3-D micro-structured, multi-component fabric of a rough 
surface. The 3-D structure of fabric has been achieved by 
an appropriate combination of warp yarns of different 
tensions as well as by an application of weft yarns of 
different elasticity. The fancy yarn with spot swellings 
introduced into the weft significantly increases the 
roughness of the fabric surface. 
 

 
Fig. 1. Ecological 3-D woven fabric with micro-massage 
function 
 
Attractive design results from an application of the 
naturally coloured cotton, whose share is ca. 70 % of the 
total raw material composition. 
Due to the convex – concave structure and special surface 
properties of the ecological 3-D woven fabric the 
mechanical micro-massage and stimulation of the blood 
circulation have been achieved. For comparison the cotton 

fabric of the weave 3/1 S and mass per square meter 
similar to the mass of ecological 3-D woven fabric was 
taken. Such kind of the woven fabrics is commonly used 
in trousers.  
 
Table I. Basic functional properties of the ecological 3-D 
woven fabric with micro-massage function 

Parameter Unit 

Ecological  
3-D 

woven  
fabric 

Standar
d  

3/1 S 
cotton 
fabric 

Thermal resistance – 
acc. to Alambeta 

m2KW
-1 0.052 0.0120 

Thermal resistance – 
acc. to “skin model” 

m2KW
-1 0.047 0.0086 

Mean kinetic friction 
coefficient 
lengthwise direction 
crosswise direction 

% 

 
 

0.690 
0.740 

 
 

0.678 
0.623 

Mean static friction 
coefficient 
lengthwise direction 
crosswise direction 

% 

 
 

0.858 
1.095 

 
 

0.950 
0.951 

 
Due to an application of the naturally colored cotton a 
color pattern of the elaborated woven fabric has been 
achieved without dyeing process. An elimination of 
dyeing process allowed: 
• to eliminate dyestuffs dangerous for health and 

environment, 
• to reduce water and energy consumption as well as 

waste production. 
Fabric is characterized by great: stiffness, static and 
dynamic friction and thermal resistance. The rough 
surface of the ecological 3-D woven fabric ensures the 
micro-massaging effect. The thermal resistance of the 
ecological 3-D woven fabric with micro-massage 
function, much higher than thermal resistance of the 
standard cotton fabric, ensures the so called “thermal 
effect” consisting in hindering the human body heat 
outflow. The superior share of cotton ensures excellent 
hygienic properties typical of the natural plant fibres. Air 
permeability and water-vapour permeability are slightly 
lower in comparison to the analogous properties of the 
standard 3/1 S cotton woven fabric. However, the values 
of both parameters are high enough for good body 
ventilation. 
Thermal absorptivity of the ecological 3-D woven fabric 
with micro-massage function is much lower than thermal 
absorptivity of standard cotton fabric. It means that the 
fabric gives the “warm” feeling at touch, and in the same 
way it supports the thermal effect.  



The ecological 3-D woven fabric with micro-massage 
function can be applied in therapeutic clothing, especially: 
skincare, anti-age, anti-cellulite and body shaping.  
 
THERMO-INSULATION WOVEN FABRIC FOR 
PEOPLE WITH THE SENSITIVE SKIN 
Investigation confirmed that the significant population of 
people all over the world suffers different skin problems. 
They need clothing and other textile products which do 
not cause skin irritation and allergy. Developed in Textile 
Research Institute the thermo-insulation woven fabric 
answers the needs of people with the sensitive skin. The 
fabric is made of the innovative cotton SPINAIR yarn by 
KURABO. 
 
Innovative “hollow” SPINAIR yarn made of cotton 
The yarn is manufactured using special technology 
developed by KURABO. It is a 100 % hollow yarn, made 
of cotton and Kuralon K-II (a product from Kuraray) 
using the "focus method" of spinning. When the Kuralon 
K-II, which is found at the center of the yarn, dissolves, 
the center then becomes hollow, making it a light, soft, 
and fluffy cotton yarn [4]. 
 
Three-dimensional woven fabric made of SPINAIR 
yarn 
The 42 tex SPINAIR yarn has been used in the newly 
elaborated woven fabric of the three-dimensional (3-D) 
structure (fig. 2). 3-D structure has been applied in order 
to ensure high thermal insulation of the fabric.  
 

 
Fig. 2. Three-dimensional woven fabric made of 
SPINAIR yarn 
 
Measurement of the thermal–insulation properties of the 
developed fabric was done by Alambeta [5, 6]. In order to 
assess the thermal-insulation properties of the newly 
elaborated 3-D woven fabric the results were compared 
with the thermal-insulation properties of both the woven 
fabric of the identical structure made of the conventional 
cotton rotor yarn – 40 tex CO OE and standard one-layer 
cotton woven fabric of similar areal mass (Fig. 3). 
Organoleptic assessment showed that elaborated fabric is 
characterized by the smooth surface and very soft hand. It 
confirms that it can be applied in the thermo-insulating 
clothing for people with the sensitive skin. 
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Fig. 3.Thermal resistance of the investigated fabrics in 
comparison to standard cotton fabrics 
 
SUMMING UP  
Developed innovative woven fabrics can be applied in 
different kinds of therapeutic clothing. Presented 
examples of cotton-based inventions showed new areas of 
cotton application. Investigation aimed an new innovative 
application of cotton fibres are going on. They are one of 
the most important areas of the research work carried out 
in Textile Research Institute. 
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INTRODUCTION 
Melt blowing is a single step process to produce 
microfibers. A polymer melt is extruded from the die into 
two jets of hot air, which rapidly attenuate the molten 
polymer into microfibers. The fibers are collected as 
nonwoven webs directly. Nonwoven fibers find 
applications in an increasing number of fields, such as 
filtration, absorbency, hygiene and apparel. Many 
significant efforts have been made to better understand 
the technology and to improve the equipment by 
researchers and engineers around the world. 
 
The airflow field plays a key role in fiber formation 
process of melt blowing. Several researchers have studied 
airflow field by experimental method and numerical 
simulation. For example, Tate1 measured velocity and 
temperature fields during single-hole melt blowing using 
a Pitot tube and a thermocouple. Bresee and Ko2 
presented experimental measurements to provide air 
velocity and temperature information of a commercial 
melt blowing machine. Unlike conventional melt 
spinning, the air jet used in the melt blowing process not 
only provides a substantial forwarding force but also has a 
function of preventing polymer solidification. As the 
polymer exits the melt-blowing die, the velocity of the air 
causes momentum transfer to the fiber, which results in 
rapid attenuation of the polymer. Concurrently, the high 
temperature of the air keeps the polymer at a high 
temperature, which aids attenuation by keeping the 
polymer viscosity low. The air velocity and air 
temperature are two key factors that affect the airflow 
field of a melt-blowing die. 
 
In this paper, we focus on the optimization of the 
geometry parameters of a melt-blowing die in order to 
obtain the airflow field with optimum performance. The 
experimental method for the optimization of the melt-
blowing die is cost and time consuming. We will propose 
a combination of numerical simulation and Genetic 
algorithm (GA) method to accomplish the optimization. 
The air velocity and temperature fields will be simulated 
numerically; then a single-objective optimization and a 
multi-objective optimization are carried out using Genetic 
algorithm based on the simulate results. 
 
NUMERICAL SIMULATION AND 
EXPERIMENTAL VERIFICATION 
There are different die geometries that are used to 
produce melt blown fibers, and the slot die is one of the 

most commonly used dies. Fig. 1 shows the 2-D model of 
a slot die. The calculation domain of the airflow field was 
developed based on the experiments which will be 
discussed later. The air flow field was obtained by solving 
the Navier-Stokes equations through the commercial 
software FLUENT 6.3 

Figure 1 Schematic representation of the 2-D model of a 
slot die. 

Figure 2 Comparison of centerline velocity and 
temperature predicted by CFD with measured centerline 
velocity. 
 
The experiments were carried out with a single-hole melt 
blowing device. The melt-blowing die had the same 



configuration as that in simulation. Air velocity and 
temperature below the die were measured on-line using 
Dabtec StreamLine hot wire anemometer. Fig. 2 is the 
comparison of centerline velocity and temperature 
predicted by CFD with measured centerline velocity and 
temperature. The results of CFD and experiments show 
considerable accord. It can be seen that the air velocity 
decreases rapidly near the die and gradually reaches to a 
plateau, which indicates that the velocity decay mainly 
occurs near the die. The temperature profile indicates that 
the temperature decay continues to occur with the 
increasing distance from the die, and the decay is also 
gradually become mild. 
 
RESULTS AND DISCUSSION  
Genetic Algorithm (GA) was aimed at finding the 
parameter values that minimize the objective function. 
Four geometry parameters as indicated in Fig. 1, 
including slot width e, slot angle α, nose piece width f and 
set back s, were studied. 
 
For the single-objective optimization, we proposed a 
parameter, stagnation temperature, which combines the 
air velocity and air temperature. Stagnation temperature 
combines the air velocity and air temperature by 
converting the kinetic energy of the flow field to internal 
energy and adding it to the local static enthalpy. 
Stagnation temperature is composed of two parts: one is 
the temperature of the air, the other is kinetic temperature. 
In the melt blowing process, the fiber diameter will 
decrease as increasing the air stagnation temperature. 
Therefore, it is desirable to maintain a high stagnation 
temperature along a long distance from the die. The goal 
of the single-objective optimization is to determine the die 
geometry that gives the lowest stagnation decay. In other 
words, we will keep the stagnation temperature highest at 
the outlet of the calculation domain. The optimal results 
were achieved. The best individual of generation 40 has 
the greatest stagnation temperature at the outlet of 
computational domain. Finally, the optimal geometry of 
the slot die is with the parameters of slot width e = 1.981 
mm, slot angle α = 10.009, nose piece width f = 4.770 
mm, and setback s = 1.417 mm.  
 
For the multi-objective optimization, GA is aimed at 
finding the parameter values that maximize velocity and 
temperature simultaneously. So it turns out to be a multi-
objective optimization using GA method. For the multi-
objective optimization, the goal of the work is to obtain 
the optimal airflow field with lowest velocity decay and 
temperature decay. In other words, we will keep the air 

velocity and temperature highest at the outlet of the 
calculation domain. The optimal results were achieved. 50 
generations are carried out before the procedure is 
stopped. The optimal individual is determined via a goal 
programming method. Finally, the optimal geometry of 
the slot die is with the parameters of slot width e = 1.988 
mm, slot angle α = 11.19, nose piece width f = 2.0147 
mm, and setback s = 1.393 mm. The optimal geometry 
has the maximum velocity of 109.5 m/s, with a 
temperature of 395.3°C. 
 
CONCLUSIONS 
This paper studies the airflow field of the melt-blowing 
slot die by CFD and experiments, and the predicted and 
experimental results show considerable accord. In order to 
optimize the airflow field of the slot die, a systematic 
approach, which combines the application of CFD and 
single- and multi-objective optimization using genetic 
algorithms, was proposed. The geometry parameters, 
including slot width, slot angle, nose piece width and 
setback, were studied by using this method. During the 
optimizing process, the coefficient of variation is used as 
the terminal condition from the time-saving view. The 
optimal geometry of the slot die for the single- and multi-
optimizations were achieved. The results show that 
smaller slot angle and larger slot width result in lower 
velocity decay and temperature decay of the air flow field. 
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INTRODUCTION 
Silk is widely used for interior decoration fabrics such 
as wall coverings, curtains, silk flowers, furniture 
covers, bedding etc. Such products should be treated 
with flame retardant to meet requirements of fire 
regulations in local countries. But now there is lack of 
effective and durable flame retardant for silk. In 
previous research, we developed a kind of vinyl 
phosphate dimethyl-2-(methacryloyloxyethyl) 
phosphate (DMMEP) for silk and can get durable 
flame retardancy effect [1]. DMMEP is effective, but 
the compounds have no commercial products so far. 
Nitrogen contained compounds have synergism flame 
retardancy effect with phosphorus based flame 
retardant [2]. In this paper, we choose Methacrylamide 
(MAA) as synergistic chemicals for DMMEP to lower 
the DMMEP add-on and improve flame retardancy. 
 
MATERIALS 
Degummed and bleached silk fabric (plain weave, 
36g/m2) was kindly supplied by Zhejiang Tongyuan 
Company. Flame retardant Dimethyl-2-
(methacryloyloxyethyl) phosphate (DMMEP) was 
synthesized in our lab as reported [1]. Methacrylamide 
(MAA) and other chemicals are reagent grade. 

CH2 C
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O
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CH2CH2C O

CH3

 
Scheme 1 DMMEP 

APPROACH 
Fabric treatment procedure 
Silk fabrics were immersed in the finishing solution 
containing x % DMMEP, y% MAA (on the weight of 
fibers) (o.w.f.) and 1.0 % potassium persulfate (on the 
weight of DMMEP and MAA monomer) (o.w.m.). 
The pH value of the mixture was adjusted to 4.5 or 3.5 
with sodium hydroxide solution and formic acid. The 
liquor ratio was 1:30. The temperature of the above 
mixture increased to 85 °C within 30 min and 
maintained at this temperature for 45 min in vibration 
water. Then the silk fabrics were removed and rinsed 
for 10 min and then washed with a non-ionic 
surfactant solution at 60 °C for 10 min. Then dried and 
washed with acetone followed by water rinsing and 
air-dry. The dried samples were placed in a 
conditioning room with relative humidity 65 % and 
temperature 21 °C for at least 24 h for further 
measurements. 
Measurements 

Weight gain (%) was calculated as follows: 
Weight gain (%) = (w2-w1)/w1×100 
where w2 and w1 are the weight of treated silk fabric 

and original fabric respectively. 
Limiting oxygen index (LOI) was measured according  
to  ASTM Standard Method D 2863-97 on a  Fi re  
Testing Technology Oxygen Index Instrument. Char  
length was measured according to ASTM Standard  
Method D6413-99. The moisture regain was measured  
according to GB/T 9995-1997(eqv. ISO 2060:1994) . 
Char residue was measured as follows: weight 0.5g(W1) silk 
sample and put into muffin oven at 600 °C for 10 min, and 
weight the char W2, Char residue (%) = (w1-w2)/w1×100. 
Char residue morphology was investigated by a scanning 
electron microscopy and the surface of char residues was 
sputter-coated with gold layer before examination. 
 
RESULRS  AND DISCUSSION 
Flame retardancy property for DMMEP and MAA 
treated silk fabrics  
Figure 1 showed limiting oxygen index(LOI) of silk fabrics 
treated with DMMEP and MAA respectively. With the 
increase of concentration, DMMEP treated silk fabrics 
showed increased flame retardancy, while MAA treated silk 
fabrics showed no evident increase in flame retardancy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 LOI of silk fabrics at different DMMEP and MAA     

Concentrations 
 
Flame retardancy property of silk fabrics treated with 
DMMEP and MAA combined solution  
Figure 2 showed the LOI and weight gain of silk fabrics 
treated with DMMEP and MAA combined solution at 
different ratio. After adding MAA, LOI is larger than that of 
DMMEP treated silk fabrics at the same concentration shown 
in Fig.1. This is showed that MAA have synergistic flame 
retardancy effect for DMMEP. When the ratio of DMMEP 
and MAA is 50 to 50, it can get best flame retardancy effect 
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under the whole add on of chemicals is 100% (o.w.f.). 
Higher MAA ratio can get higher weight gain which 
showed that MAA is easier to graft onto silk fabric.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 LOI and weight gain of silk fabrics treated 
with DMMEP and MAA mixed solution 
 
LOI and char length of silk fabrics treated with 
DMMEP and MAA combined solution at different 
concentrations 
The best mass ratio of DMMEP and MAA is 1 to 1 
from Figure 2. Table I listed the LOI and char length 
of silk fabrics treated with DMMEP and MAA 
combined solutions at different concentrations. Low 
DMMEP can not get flame retardancy with LOI only 
24%. When DMMEP add on is above 40%, silk 
fabrics have self-extinguish ability exposed to candle 
like fire with LOI above 30% and can pass vertical 
flammability test. But too high weight gain will cause 
stiff handle for silk.  
 
Table I Properties of silk fabrics treated with DMMEP 
and MAA combined solution  

 
Char residue and moisture for flame retardant silk 
fabrics 
Table II listed the char residue and moisture regain of 
silk fabric treated with DMMEP, MAA and DMMEP 
and MAA combined solution. MAA treated silk fabric 
has least char residue compared with untreated silk 
fabric, DMMEP and MAA combined solution treated 
silk fabric produced more char than DMMEP treated 
silk fabric. After flame retardant treatment, moisture 
regain showed a little decrease. 
 

Table II Char residue and moisture for flame retardant silk 
fabrics 

Char residue morphology for flame retardant silk fabrics 
Figure 3 showed that char residue of DMMEP and MAA 
treated silk fabric was more rigid and solid. While char of 
untreated and MAA treated silk fabric are soft and fragile.  

Figure 3 Char residue morphology of silk samples(500×) 
 
CONCLUSIONS 
Methacrylamide (MAA) has great synergistic flame 
retardancy effect for Dimethyl-2-(methacryloyloxyethyl) 
phosphate (DMMEP) during being applied onto silk fabrics. 
In future, much nitrogen contained compound should be 
explored and develop multifunctional silk products such as 
flame retardant and water repellent properties. 
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DMMEP
（%） 

MAA
（%） 

Weight 
gain 
 (%) 

LOI（
%） 

Char 
length（

cm） 
25 25 0.51 24.1 ＞30 
40 40 8.44 30.9 5.5 
50 50 11.2 32.1 3.8 
75 75 34.66 33.1 3.2 

100 100 48.7 33.9 2.8 

Samples Char  
Residue( %） 

Moisture 
regain 
(%) 

Untreated silk fabric 0.96 9.66 
DMMEP 50% 5.16 7.81 

MAA 50% 0.3 8.96 
DMMEP50%+MAA50% 9.44 8.02 

 
a Untreated silk fabric 

 
b DMMEP50% 

 
c MAA 50% 

 
d DMMEP50%+MAA50% 
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STATEMENT OF PURPOSE/OBJECTIVE 

Strain analysis of plain and satinette woven fabric 
samples in raveled strip testing mode was undertaken for 
investigating the effect of weave, pick density and 
direction of testing on uniaxial tensile behavior.  Results 
indicated (i) a direct relation between the percentage yarn 
strength utilization in fabric with the uniformity of strain 
levels (CV%) along the two principal directions and (ii) a 
significant difference in the strain distribution and hence 
breaking mechanism of samples tested along warp and 
weft directions irrespective of the construction. 

 INTRODUCTION 

While investigating the tensile behavior of 100% cotton 
woven fabrics in an earlier work [1], it was found that the 
percentage yarn strength utilization of fabric and the 
mechanism of break differed with weave and the direction 
of testing. It was proposed that this may be due to 
variation in the ease of crimp interchange during the 
process of tensile deformation between the range of 
fabrics investigated which may have occurred as a 
combined result of the difference in crimp in the two 
principle directions, number of load bearing and crossing 
yarns and the interlacement pattern.  The difference in 
ease of crimp interchange would be expected to be 
reflected in the difference in strain distribution in the 
samples. Hence the strain behavior of the fabrics under 
uniaxial tensile loading has been studied. The results 
reveal a significant difference in the strain distribution 
between samples showing different breaking mechanisms. 

APPROACH 
 
Material- Cotton yarns of English count 30s and 20s 
have been used as warp (tenacity of 1.75 gpd, 5.83% 
elongation at break) and weft (tenacity of 1.62 gpd, 4.53% 
elongation at break) to prepare fabrics on a Somet Air jet 
loom running at 600 picks per minute with reed space of 
1.45 meter. Plain and 4-end satinette fabrics with 38 ends 
per cm in the warp direction prepared at three different 
levels of pick density (18, 22 and 26 picks per cm) were 
studied. Ten samples of each fabric type were tested in 
both the directions. Samples showing the highest (H), 
lowest (L) and near mean (M) breaking load in each 
category, making a total of 36 samples, were analyzed for 
strain distribution as explained later. The fabric 

construction characteristics are listed in Table I and the 
weaves are shown in Figure1. 
 

TABLE I. Fabric Construction Characteristics 
S. 
no 

Characteristics 
of weave 1/1 Plain 4-end 

satinette 

1 Nature balanced, 
Regular 

Unbalanced, 
Regular 

2 Index of 
interlacement 1 0.5 

3 Steps of 
interlacement +1 +2/+3/+2/+1 

4 Floating 
pattern 1/1 3/1 

 
 X  X 
X  X  
 X  X 
X  X  

 

X X X  
X  X X 
X X  X 
 X X X 

 

                      Plain           4-end satinette 
Figure 1. Repeat unit of weaves (cross = warp up) 

 
Test methods-The fabric samples were wet relaxed by 
washing them at 60°C with 10% non-ionic soap on the 
weight of the fabric in a wash liquor having material : 
liquor ratio of 1:20 for 30 minutes followed by rinsing 
with normal cold water and drip drying. The uniaxial 
tensile properties of wet relaxed fabric samples were 
evaluated by ravelled strip method as per ASTM D5035-
2RT.  
 
Strain Analysis-To investigate the relation between the 
results of tensile testing and fabric characteristics, the 
strain distribution pattern developed during the 
deformation of the samples was studied. A grid of specific 
dimensions was drawn on each sample (Figure 2) and 
video images of the deforming fabric specimens during 
tensile loading were captured, from which subsequently 
the displacement of specific points marked on the grid at 
75% of breaking elongation was measured. 
 
RESULTS AND DISCUSSION 
 
Visual Examination: A visual examination of the 
samples (Figure 3) revealed that irrespective of the pick 
density or the weave, all the samples tested in the warp 
direction tear along the moving jaw while samples tested 
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in the weft direction exhibit randomly distributed multiple 
breaks. 
 
The average strains in the load bearing direction for the 
twill and satinette fabrics in both the directions of testing 
were calculated and the following observations are made 
from the strain analysis: 
 

1. The average values of lengthwise strain (along the lines 
AA0, BB0 and CC0 in Figure 2) across the sample width 
of plain and satinette constructions in both warp and weft 
directions reveal a very high degree of uniformity. This 
allows one to infer that the mounting of each sample and 
their deformation process in uniaxial tensile mode were 
carried out accurately. 

 

 

 

 

 

 

 
Figure 2. Schematic diagram of specimen for analyzing 

the strain distribution during tensile testing 
 

 
 

0% of breaking 
extension 

75% of breaking 
extension 

Figure 3. View of a typical sample at 0% and at 75% of 
elongation at break 

 
2. The sample exhibiting highest percentage yarn strength 

utilization amongst the 36 samples studied showed fairly 
uniform distribution of strain across both the strips and 
the bands. The width wise contraction was also found to 
be in a narrow range and symmetrical along the edges. 

3. The sample exhibiting lowest percentage yarn strength 
utilization amongst the 36 samples studied showed not so 
uniform strain across the bands. The waisting or 
contraction in the strips was also not symmetrical. 

4. Samples exhibiting jaw breaks show high strain in a 
particular band accompanied by high contraction along 
one of the edges. 

Samples exhibiting multiple breaks show evenly 
distributed strain across the bands and strips. 

CONCLUSION 
 
The classical approach of considering the interlacement of 
one load bearing yarn with the crossing yarns or a unit 
cell only [2-6] is not adequate for studying the effect of 
construction on properties of woven fabrics. In practice, a 
number of load bearing and crossing yarns form a test 
sample and the interaction between them is bound to 
influence the results obtained from a test. The difference 
in the percentage yarn strength utilization and breaking 
mechanism of the samples studied can be explained by 
the difference in the strain distribution between samples. 
This may be attributed to varying levels of ease of crimp 
interchange in the samples which in turn could be a 
complex function of various factors like the number of 
load bearing and crossing threads, the crimp in the two 
principle directions and the interlacement pattern. 

FUTURE WORK 
 
Study of a few more constructions of 100% cotton woven 
fabric differing in weave and construction may be taken 
to analyze the strain behavior and relate it to breaking 
mechanism and strength obtained.  
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ABSTRACT 
Dual-scale flows in fiber-reinforced composites have 
great applications in science and industry. However, 
comparing with solid fibers, great complexities are 
introduced when micro-scale flow processes taking place 
simultaneously in both regions of inter- and intra- yarns. 
In this study, an analytical model is presented to predict 
the transverse permeability of the dual-scale fibrous 
materials. The proposed model is successfully verified by 
comparing with experimental results, numerical 
calculations and previous theoretical values, and its 
dependence on structural parameters such as porosity, 
fiber radius, packing configuration and cross-sectional 
shape is also discussed. A simple but effective semi-
analytical correlation, regarding the overall permeability 
as a sum of contributions from inter-yarn and intra-yarn 
flows, is put forth to give a rapid permeability estimate. 
The development of this model facilitates speeding design 
of required performances of dual-scale fibrous materials. 
 
INTRODUCTION 
Flows through porous media with two characteristic 
scales occur in a class of natural and engineering systems, 
such as textile fabric, filtration, biological interfaces, and 
resin transfer molding [1]. Among them, we are focused 
on modeling the viscous flow through the dual-scale 
materials made of fibrous yarns, which contain bundles of 
long aligned filaments (see Fig. 1). Yarns woven into a 
fabric make the fibers easier to handle, which can be 
preformed to shape the textile fabric structure or keep the 
geometry of fibrous reinforced composites during resin 
impregnation [2]. However, great complexity is 
introduced due to the micro-scale intra-yarn flow, which 
moves slowly through the voids inside fibrous yarns, 
coupling with the inter-yarn flows. Therefore, a 
comprehensive study to solve this tricky problem is of 
primary interest.  
 
The permeability is often determined by calculating the 
ratio of fluid flux vs. the directional pressure gradient 
through experimental measurements [2]. However, the 
experiments are always time-consuming, difficult to 
conduct, and particularly case-based. Then researchers 
applied the theoretical techniques and started with 
permeability predictions of impermeable fibers. The 
straightest one is the capillary model, which assumes 
porous media consisting of a bundle of tortuous channels 
and flows walk slowly inside [3]. Later, representative 

cell method was employed, which needs proper definition 
of the boundary conditions of the cell [4]. 

 
Figure 1. Circular yarns containing circular filaments in a 
representative cell. 
 
(a) 

 

(b) 

 

 
Figure 2. Elliptical yarns of (a) square arrangement and 
(b) hexagonal arrangement in a representative cell. 
 
For dual-scale fibrous materials, the intra-yarn 
permeability is always much smaller than the inter-yarn 
permeability, but its effect on the overall permeability of 
fabric performs has been found to be significant from 
previous studies [5]. However, it is very difficult to 
calculate Stokes equation simultaneously in both intra- 
and inter yarns, and most studies apply the numerical 
simulations. A predicable model with full physical 
meanings is always welcome. In this work, we consider 
the modified “slip” boundary condition at the open 
channel/porous interface as suggested by Beavers and 
Joseph [6], and calculated the overall permeability in a 
representative cell by network method. The merit of this 
generalized model is that the overall permeability can be 
readily obtained by inputting the structural parameters: 
porosity, radius, cross-sectional shape, and packing 
configuration (see Fig. 2). 
 
APPROACH  
In the representative cell ( x yL L× ), the intra-yarn 
permeability is determined by solving Stokes equation, 
while the inter-yarn permeability is computed by 
considering an additional “slip” boundary in the interface 
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between yarns and flows, which accounts for the 
influence of the intra-yarn fluids. 
 
The overall permeability the representative cell is: 
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Based on the fact that the overall permeability is more or 
less a parallel composite of intra-yarn permeability and 
inter-yarn permeability with “slip” effect near the area of 
narrowest gap between fibers, an empirical model is given 
by: 
 

int int min int .er ra raK K K jh K= + +                         (2) 
 
The scale analysis technique [7], considering the 
minimum distance between fibers as the characteristic 
length, is modified to directly calculate the permeability 
( int erK  and int erK ) of the solid fiber preforms: 
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=
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DISCUSSION AND CONCLUSIONS 
We study transverse flow through fibrous media made of 
parallel arrays of permeable yarns and derive a network 
model to predict the fluid permeability. This model, 
which has been properly simplified, is successfully 
validated by comparing with rigorous numerical 
calculations and earlier experimental results for fibrous 
yarns as seen in Fig. 3. Particularly, it reveals that the 
intra-yarn permeability has great influence on the overall 
permeability, especially for those with high degrees of 
packing, see Fig. 4. In addition, it is shown that the less 
permeable between yarns, the greater influence of the 
intra-yarn flow on the overall permeability. We also find 
permeabilities of aligned yarns with elliptical cross-
sectional are similar with the circular at a constant 
porosity, and the square packing structures have more 
flow resistances than the hexagonal. An attractive semi-
analytical expression, which is easy to use, is finally 
proposed by fitting our model. 
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Figure 3. Comparison of the model with those obtained 
from experiments by Sadiq et al [2]. 
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Figure 4. Comparison of the model with those obtained 
from simulations against weave porosity by Spain and 
Phelan [8]. 
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STATEMENT OF PURPOSE 
The aim of that project is to develop polymer 
based carbon nanofiber production. 
Polyacrylonitrile (PAN) based carbon nanofiber 
is produced by electrospinning and subsequent 
thermal treatments which are stabilization and 
carbonization. After carbon nanofiber had 
obtained, it is characterized by different 
methods. Production processes are optimized 
considering datas and parameters.  
 
INTRODUCTION 
In this project, carbon nanofiber production is 
performed in three steps. Firstly, electrospinning 
process is employed in order to obtain 
polyacrylonitrile-based (PAN) nanofiber. Then, 
nanofiber web are stabilized to provide 
thermally stable structure during high 
temperature carbonization process. Finally, 
carbonization process, which determines the 
final properties of carbon nanofiber, is 
implemented. Effect of electrospinning 
parameters, carbonization temperature and 
duration on fiber properties and morphology are 
the subject of this project work. The product is 
characterized in order to examine the properties. 
SEM (Scanning Electron Microscopy) and FT-
IR(Fourier Transform-Infra Red) are very useful 
methods to observe the conversion of PAN 
nanofiber into carbon nanofiber and to 
determine the fiber morphology.  
 
APPROACH 
Electrospinning is used to fabricate nanowebs 
consisting of PAN nanofibers. PAN copolymer 
taken by AKSA Akrilik Kimya Sanayi A.S. is 
used in the experiments. 
 
 

 
Figure 1 Electrospinning set-up [1] 

Prior to carbonization, stabilization process 
should be carried out in order to prepare PAN 
nanofiber to withstand to relatively high 
temperatures which they would come under 
during carbonization process. Stabilization is 
performed in air atmosphere because oxygen is 
an important gas to initiate the reactions which 
provide the thermally durable structure for 
carbonization process. Carbonization is the last 
step to obtain carbon nanofiber. An inert 
atmosphere is created using nitrogen gas to 
hinder undesirable reactions during 
carbonization which is carried out at high 
temperatures. Various carbonization recipes are 
used in order to perceive the effect of 
carbonization parameters (carbonization 
temperature, heating rate, pending time) on fiber 
morphology and properties. 

RESULTS AND DISCUSSION 
Effects of electrospinning and carbonization 
parameters on average fiber diameter, fiber 
morphology and fiber properties are the subject 
of this project. Collector speed, needle to 
collector distance and solution concentration are 



the determined electrospinning parameters to 
examine while the carbonization parameters are 
carbonization temperature, heating rate and 
carbonization duration. SEM and FT-IR are the 
methods to characterize the products. 
 

 
Figure 2 SEM images of (A) electrospun, (B) stabilized 
PAN nanofibers and carbon nanofibers manufactured 
at (C) 1000, (D) 1100 and (E) 1200 (F) 1400 °C 

Nanofibers are carbonized at 1000, 1100, 1200 
and 1400 °C. Average fiber diameter of 
electrospun PAN nanofibers was 137 nm and 
after stabilization it has just decreased to 136 
nm. Average fiber diameters of carbon 
nanofibers were measured 95, 78, 70 and 66 nm 
by increase of carbonization temperature from 
1000 to 1400 oC, respectively. Figure 2 shows 
SEM images of the carbon nanofibers 
manufactured to observe the effect of 
carbonization temperature. 
 

 
Figure 3 FT-IR analysis of conversion of bonds after 
carbonization at 1200 °C 

Carbon nanofibers produced at 1200 °C did not 
give a significant peak under FT-IR analysis and 
this means that the honeycomb structure is 
obtained at that temperature. 
 
CONCLUSIONS 
Carbon nanofiber manufacture is eventuated in 
three steps. Firstly, PAN nanofibers are 
produced by one of the cheapest and easiest 
nanofiber production methods, electrospinning. 
Then, PAN nanofibers are stabilized at 220 °C 
for 13 hours. Finally, carbonization process with 
varying recipes is carried out. 
 
FUTURE WORK  
Carbon nanofibers, with unusual combination of 
properties such as high mechanical properties, 
high surface area and high electrical 
conductivity are appropriate for many 
applications [2]. Laboratory scale carbon 
nanofibers manufacturing will be developed as 
mass production.  
 
Keywords:Carbon nanofiber, Electrospinning, 
Carbonization, Polyacrylonitrile. 
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STATEMENT OF PURPOSE 
In order to see the exact effect of some electrospinning 
parameters, a stable and controllable electrospinning 
system is needed.  Hitherto, no realistic model has been 
put forward for all polymer solvent combinations. In 
this work, effects of process parameters on nanofiber 
production via electrospinning are aimed to be 
observed by high-speed camera. 
 
INTRODUCTION 
Electrospinning process aims to obtain nanometer 
diameter polymeric fibers by means of high voltage 
electrical forces. Polymer solutions are exposed to an 
electric field that transfers the solution from one point 
to another during solvent evaporation by decreasing the 
diameter of the fiber to nanometer levels  
Nanofibers obtained via electrospinning process can be 
produced from a wide range of polymers. These fibers 
have extremely high specific surface area due to their 
small diameters, and nanofiber mats can be highly 
porous with excellent pore interconnection. These 
unique characteristics plus the functionalities from the 
polymers themselves impart nanofibers with many 
desirable properties for advanced applications such as 
filtration, agro textiles, and medical [1].  
The output of this process is drastically affected by 
process parameters such as solution viscosity, solution 
flow rate, potential difference between charging unit 
and collector, type of the collector and the distance 
between nozzle and collector.  
 
APPROACH 
Experiments are carried out in the multifunctional 
electrospinning platform [2]. This platform has several 
capabilities such as changing process parameters while 
electrospinning is continuing.  PCL- methylene 
chloride/ dimethylformamide mixture is used. 

 
Figure 1: Images of initiating of electrospinning 

process taken by high speed camera with special nozzle 
Because jet velocity is about 2 m/s, in order to see the 
exact effects of parameters on jet route, a fast cam is 
needed. Jet route from nozzle to collector is recorded 
by the Photron FastCam 1024 which can capture 100 

000 images per second [3].  17 different samples are 
produced by chancing the working distance, flow rate, 
applied voltage. Before experiments, surface tension of 
solution is measured. After the experiments, 
morphology of webs, average diameters and area that 
whipping area scanned are determined.   
 
RESULTS AND DISCUSSION 
Formation of Taylor cone has been observed during 
electrospinning. Average nanofibers are micro scale. 
Effect of applied voltage on nanofiber diameter and 
scanned area on collector are not stable. According to 
results, while working distance increases average 
nanofiber diameter decreases and scanned area on 
collector increases. Moreover, results shows that 
increasing of flow rate have tendency to decrease the 
nanofiber diameter and has no stable effect on scanned 
area on the collector.  
 
CONCLUSIONS 
All in all, jet route from the nozzle to collector, 
initiating of jet and Taylor cone is successfully 
observed.    In other words, no realistic relation is seen 
the effect of applied voltage on electrospinning 
process.  Effects of process parameters on jet route 
have been examined.  
 
FUTURE WORK 
In the next step of this work, special designed nozzles 
which will have wide inertial diameter is going to be 
used in order to Taylor cone angle with the changing 
parameter of electrospinning 
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STATEMENT OF PURPOSE 
The Polyamide 6 (PA6)/Montmorillonit (MMT) and 
Magnesium Hydrate (MH) nanocomposites have been 
prepared by melt mixing technique of nano modified 
powders into the PA6 matrix. The structures and 
properties of nanocomposites were characterized by X-ray 
diffraction (XRD), transmission electron microscopy 
(TEM), differential scanning calorimetry (DSC), 
thermogravimetry analysis (TGA) and cone calorimeter 
(CCM). The nanoscale dispersion of MMT layers in the 
PA6 have been verified by the XRD peak of MMT and 
the observation of TEM image. DSC tests evince that 
these exfoliated MMT layers play the role of nucleating 
agents dyeing properties of modified PA6 fibers have 
been influenced by nano composites amounts. 
 
INTRODUCTION 
Polymers/layered inorganic nanocomposites have 
received widespread attention due to their novel 
mechanical , thermal and physio-chemical properties [1]. 
Polyamide 6 is one of the most important types of 
aliphatic polyamide. Nano composites consisting of 
exfoliated silicate layers in Polyamide 6 can be produced 
by dispersion Nano in the melt matrix by high shear 
mixing in a twin screw extruder [2]. In the present study, 
we synthesize the part organic modified with two 
different nano powders (MMT and MH). 
 
EXPERIMENTAL 
Materials polyamide 6 (PA6,SB) was supplied by Aliaf 
company,Iran .MMT from South Clay Products Inc. 
(Gonzales, TX, USA) for modifying used methyle tallow 
bis 2 choride hydroxyl ethyl, quaternary ammonium 
(Closide 30 B), the nano magnesium hydroxide used was 
(3320 HT) from nano Structured & Amorphous materials 
Inc. (Houston , USA). 
 

Table1. Combination of PA6/MMT/MH 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Preparation of samples a lab scale co-rotating twin 
screw extruder (ZSK 25, L/d:40) manufactured by 
Coperion Co. was used for the compounding operations. 
Fibers produced by melt spinning machine (modified 
LME) from Dynisco Ltd. DRS method used for three 
response surface and also mechanical properties of 
PA6/MMT/MH nano composites as reported in our 
previous works [3, 4] and in this study we used the results 
for preparing fiber samples (Table I). 
 
RESULTS AND DISCUSSION 
Structural characterization of exfoliated 
PA6/MMT/MH nanocomposites the XRD patterns in 
the range of 2θ=1°-25° for samples are shown in Figure 1. 
The diffraction peak and basal spacing of samples showed 
peak of MMT 2θ=4.80° changed to 3.83°(2θ) and MH 
peak occurred in 2θ=23° but for R7 sample it is in  21.35° 
(2θ), which indicates that the layers have been exfoliated 
in the polyamide 6 matrix.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. X-ray of R7 sample 
 
Figure 2 presents the TEM image of R7 which dark lines 
represent the MMT layers, dark sphere MH particles 
whereas the bright areas represent the Polyamide 6. This 
result gives positive evidence that exfoliated MMT and 
MH nano particles in PA6 matrix happened [4, 5].  
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. TEM image of R7 

Sample MMT 
(%)  

MH 
(%)  

Temp 
( °c )  

Speed 
(RPM)  

PA6 0  0  255  110  

MH  0  4.00  255  110  

MMT  4.00  0  255  110  

(R7)[4,5] 
MMT+MH  4.00  4.00  255  110  



Combustion characterization of PA6/MMT/MH  

Figure 3 shows the PHRR values decrease considerably 
with  adding MH and MMT ,which can due to barrier 
effect of exfoliated MMT and MH is not only effective an 
HRR reduce, but also a smoke suppressant.   
  

Fig 3. Shows heat release rate, weight and time for 
different samples

Dyeing properties to highlight differences in dye uptake 
between the samples, dyeing were carried out using 
different parameter such as PH and temperatures for 
metallic dyeing (Metal Scarlet KGL-S). 

                                                                                        PA6
                                                                                             MMT+MH 

                                                                        MH           

                                                            

Fig 4. Result of reflectance spectrophotometry

Figure 4 shows fading of nano particles was observed 
influence the dye absorbance and R7 is better than MH
and MMT samples. In addition, results of reflectance 
spectrophotometry shows decreasing in dye absorbance
by increasing nano MMT and MH.

CONCLUSIONS

PA6/MMT/MH fibers have been produced by melt 
spinning. The nano dispersion of exfoliated MMT layers 
in the polyamide 6 matrix which verified by XRD 
diffraction and the observation of TEM image. The CCM 
results give the evidence that the HRR and MLR values 
decrease significantly for R7  (4% MMT + 4%MH).this 
kind of exfoliated nanocomposite is promising for the
application of flame retardant polymeric material. The   
nano particles specially MH layers caused results of 
reflectance spectrophotometry  decreased.

KEYWORDS

Polyamide 6, Nano Montmorillonit, Nano Magnesium 
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OBJECTIVE 
The aim of this work is to study the nonlinear 
compression behavior of warp-knitted spacer fabric by 
several experimental techniques. 
 
INTRODUCTION 
Warp-knitted spacer fabrics are three-dimensional textile 
structures consisting of two separate outer fabric layers 
joined together but kept apart by spacer yarns, which are 
generally monofilaments[1]. The compression property of 
warp-knitted spacer fabric is the most important factor 
that should be considered in end use. Some efforts have 
already been made to investigate the compression 
properties of warp-knitted spacer fabrics, and most of the 
studies have reported that the overall compression load-
displacement relationship of these fabrics can be split into 
three main stages, i.e., linear elasticity, plastic plateau, 
and densification[2]. However, in the published results, 
only simple description of the three stages was given. The 
proper explanation and the mechanism of the nonlinear 
compression behavior of warp-knitted spacer fabrics have 
not been reported. The present paper reports a work using 
several experimental methods to study the nonlinear 
compression behavior of a warp-knitted spacer fabric. 
 
APPROACH 
A warp-knitted spacer fabric with a typical structure was 
used in this study. It was produced on a GE296 (RD6) 
E18 high speed double-needle bar Raschel machine of 
gauge 18, which is equipped with six yarn guide bars. The 
chain notation and materials used for each bar are listed in 
Table 1. The polyester multifilament (300D/96F DTY) 
created the binding of the structure in the knitting process 
by GB1, GB2 for top layer and GB5, GB6 for bottom 
layer. Spacer yarns of polyester monofilament (0.2mm 
diameter) connected the two outer layers forming the 
spacer layer by GB3 and GB4. 
 
TABLE I. Chain notation of the warp-knitted spacer fabric 

Layers Guide bars Chain notation Threading 

Top layer GB1 1-0 0-0 / 3-2 3-3 // Full 
GB2 2-1 1-1 / 1-0 0-0 // Full 

Spacer layer GB3 1-0 3-2 / 3-2 1-0 // 1 full 1 empty 
GB4 3-2 1-0 / 1-0 3-2 // 1 full 1 empty 

Bottom layer GB5 0-0 2-1 / 1-1 1-0 // Full 
GB6 3-3 1-0 / 0-0 3-2 // Full 

 
Three types of compression tests were conducted on 
INSTRON 5566 set up with two compression circular 
platens of 150 mm in diameter to study the nonlinear 
behavior of the samples. The size of all the specimens 
used in this work was  100 mm×100 mm. For each type 

of test, five specimens were used. The details of the three 
types of tests are as follows: (i) compression tests at a 
constant deformation rate (12 mm/min) up to a 
deformation 80% of the initial thickness. Each specimen 
was tested under two testing conditions, i.e., either the 
specimen was simply placed on the fixed platen or two 
surfaces of the specimen were stuck to the platens using 
double-sided adhesives to avoid possible outer layer 
movement. (ii) Cyclic loading tests were conducted at 
simply placed situation. The compression process was 
controlled by displacement and the unloading process was 
controlled by loading. In each cycle, the displacement of 
the sample was increased by 0.2mm steps (12mm/min) 
and unloaded to zero loading. (iii) Compression tests at 
different deformation rates (1, 10, 100 and 500mm/min) 
under simply placed situation. 
 
RESULTS AND DISCUSSION 
Effect of boundary conditions  
The compression stress-stain curves for the first type of 
test are show in FIGURE 1. There is no obvious 
difference in elastic stages for these two test boundary 
conditions, therefore only plateau stages are shown. From 
FIGURE 1, it can be found that the fluctuations exist in 
the curves for the simply placed test condition. In addition, 
the curves are diversified for different specimens. On the 
contrary, the compression stress-strain curves at stuck test 
condition are smooth and consistent. This phenomenon 
can be explained by analyzing the outer layer binding 
structures. When the fabric was simply placed on the 
smooth platen and under compression loading at plateau 
stage, the highly buckled spacer monofilaments can lead 
to the deformation and slippage of the multifilament 
stitches in outer layers. In this case, their constraints to the 
spacer monofilaments changed. Consequently, different 
types of plateau stress-strain curves can be observed. By 
contrast, in the case of stuck condition, the outer layer 
multifilament stitches are not easy to deform and slip due 
to the adhesive. The constraints of the stitches will not 
sudden change. Therefore, the stress-strain curves are 
smooth and consistent. This result indicates that the 
nonlinear compression behavior of warp-knitted spacer 
fabric is dependent on the boundary conditions of the 
samples in test and end use. 
 
Effect of cyclic loading  
FIGURE 2(a) shows stress-strain curves at cyclic 
compression loading. For comprision, the single 
compression curve is also given. For the single 
compression curve, the compression process can be 
diviede into four different stages, i.e., initial stage(I), 
elastic stage(II), plateau stage(III), and densification stage 
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(IV) according to the changes in the slope of the curve. At 
the initial stage, a lower slope is observed due to the 
compression of the loose outer layers and their ineffective 
constraint for the monofilaments. when the fabric is 
further compressed into elastic stage, all the compressed 
multifilament stitches are changed to a fastened 
microstructure. The monofilaments buckle at a larger 
scale and they are better fastened by the multifilament 
stitches. Consequently, a rapid increase of the 
compression stress. A nearly constant stress is obtained in 
plateau stage. The deformation mechanism of the fabric in 
this stage is very complicated, which could be affected by 
the buckling, rotating, shearing, and intercontacting of the 
monofilaments as well as the contacting of the 
monofilaments with outer layers. The densification stage 
shows a rapid increase in the stress due to the swift 
densification of the entire fabric. 
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FIGURE 1. Compression stress-strain curves under (a)simply placed 
(b)stuck conditions.  
 
It is obvious that the stresses are equivalent for the single 
loading and cyclic loading in initial and elastic stages. 
However, the stress for the cyclic loading test decreases 
significantly at plateau stage comparing to single 
compression test. The lower densification stress is also 
observed for the cyclic loading test. It is easy to 
understand that, in plateau stage and densification stages, 
plastic deformation of monofilaments took place. The 
residual strain-compression strain curves shown in 
FIGURE 2 confirm the explainations for the four stages 
of deformation.The residual strain increases rapidly in 
stage I, III and IV due to their irreversible deformation. In 
the elastic stage, the residual strain inceases slowly due to 
its nearly elastic deformation. 
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FIGURE 2. Cyclic compression loading (a)stress-strain curves 
(b)residual strain-compression strain curves.  
  
Effect of strain rate 

 
FIGURE 3. Compression stress-strain curves at different strain rates. 
 
The stress-strain curves at different strain rates are shown 
in FIGURE 3. Lower stresses in initial, elastic and 
densification stages were observed at high strain rate. 
This is quite different from the behavior that polyester 
exhibits high stress at high strain rate. The spacer 
monofilament inertia to rotation especially at high strain 
rate and the loose multifilament stitches could not 
constrain the spacer monofilament securely.  This make 
the fabric exhibits lower compression resistance at higher 
strain rate in initial and elastic stages. 
 
CONCLUSIONS 
The warp-knitted spacer fabric exhibits nonlinear elasto-
plastic behavior in compression. 
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STATEMENT OF PURPOSE 
The main problem of laminated fabrics is low bonding 
strength between layers. For that reason, higher bonding 
strength is required in order to prevent delamination for 
the laminated fabrics. By this point of view, plasma 
induced adhesion improvement on laminated fabric was 
investigated in this study. 
 
INTRODUCTION 
Plasma treatment of textiles has gained much attention 
because of its advantages such as environmental friendly 
processes, functionalization of surfaces and economic 
aspects with regarding to low chemical and water 
consumption. Adhesion improvement is one of the most 
important effects of plasma treatment on the textile 
surfaces. Previous studies show that plasma treatment 
makes significant contributions to the adhesion properties 
of a textile surface by surface etching mechanism as well 
as surface roughness and adding some functional groups 
to the surface1-10. However, there are not enough studies 
about the effects of plasma conditions on the strength 
properties of laminated fabrics in the literature.  
 
APPROACH 
Diener Pico RF, low temperature, low pressure, glow 
discharge plasma device was used in this study as given 
conditions in Table 1. Plasma gasses, discharge power 
and treatment time were changed while the other 
conditions were stable.  
 

Table 1. Plasma Treatment Conditions 

Plasma 
Pressure 
(mbar) 

Radio  
Frequency 

(MHz) 

Plasma 
Gas 

 Plasma 
Power 
(Watt) 

Plasma 
Treatment 
time(min) 

0.3 13.56 Argon/ 
Oxygen 

 
40 

1 
 3 
 5 

0.3 13.56 Argon/ 
Oxygen 

 
60 

1 
 3 
 5 

0.3 13.56 Argon/ 
Oxygen 

 
80 

1 
 3 
 5 

 
 
Polyester plain weave woven fabric (90 g/m2) and 
polypropylene nonwoven spunbond fabric (75 g/m2) were 
laminated with polyurethane based adhesive solution after 
treated with various Argon and Oxygen plasma 

conditions. Adhesive solution was prepared with a proper 
viscosity (~12000-13000 m.Pa.s) as commonly used in 
industrial applications. Ingredients are given in Table 2.  
 

Table 2. Ingredients of Adhesive Solution 

Chemical* Amount (g) 
Fixamin PUK (Adhesive) 100,0 
Mirox AS 1 (Defoamer) 0,5 
Mirox VD P5 (Thickener) 1,4 

*Chemicals were supplied by Bozzetto Kimya San. ve Tic. A.S. 
 
Viscosity measurements were performed using Brookfield 
DV-II type rotational viscometer at 20°C. 
 
Knife coating was utilized to apply adhesive solution to 
the fabric surface. Polyurethane based adhesive solution 
was coated on the plasma treated side of the polyester 
fabric with thickness of 150 µm, and then second layer of 
treated polypropylene nonwoven fabric was immediately 
adhered on the adhesive coated base fabric under a 
constant pressure. Prepared samples were dried and cured 
in an oven at 120ºC for 7 minutes. 
 
Adhesion strength of laminated fabrics was determined by 
peel bond strength test according to ASTM D 2774. 
 
RESULTS AND DISCUSSION 
The adhesion strength of various plasma treated laminated 
fabric was investigated in this study. It was found that the 
peeling strength of plasma treated laminated fabrics were 
approximately 2-3 times higher than the untreated 
laminated fabrics. Results are given in Figure 1. 
 

 
Figure 1. Peel bond strength results for various plasma treated 
laminated fabrics. 

0
2
4
6
8

10
12
14
16
18

Pe
el

 B
on

d 
St

re
ng

th
 ( 

N
/2

5m
m

2 
) 

Plasma Treatments 

A…
O…

Ru
pt

ur
e/

Fa
ilu

re
 

Ru
pt

ur
e/

Fa
ilu

re
 

Ru
pt

ur
e/

Fa
ilu

re
 

mailto:armagano@itu.edu.tr


Oxygen plasma treatment has considerably higher results 
comparing to Argon treatment. In addition, peeling 
strength values were increased with increasing plasma 
discharge power and exposure time correspondingly. 
However, for high levels of plasma treatment time, layers 
did not separate from each other, and nonwoven fabric 
ruptures instead as shown in Figure 2. 
 

 
Figure 2. Fabric ruptures due to the high adhesion. 
 
It shows that strong adhesion took place between layers.  
It can be said that plasma induced surface modification 
has significant role on improving adhesion strength of 
laminated fabrics. 
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Cellulose acetate (CA) is a biomass material obtained 
by cellulose acetylation. As one of the most important 
cellulose derivatives, it has many applications in fibers, 
plastics, films, membranes and so on[1]. Being the second 
largest variety of the regenerated cellulose fiber, only next 
to viscose fiber, cellulose acetate fiber (CAF) not only 
possesses some typical characteristics of synthetic fibers 
due to its low moisture regain and thermoplasticity, but 
also has the essential characteristics of cellulose fibers[2]. 
Thus it can be widely used as high-grade clothing fabric 
material, advanced medical material and cigarette filter 
material[3]. 

 

 
Fig. 1. Schematic Diagram of H-bondings in CA 

 
CAF can normally be prepared by means of wet 

spinning and dry spinning. It is impossible to prepare 
CAF by direct melt spinning, because large amount of 
intermolecular and intramolecular H-bondings make the 
chain molecules connect so tightly that there is no 
sufficient temperature gap between melting temperature 
(Tm) and decomposition temperature (Td) (Fig. 1). During 
the wet or dry spinning process, lots of organic solvents 
are needed such as acetone for cellulose diacetate (CDA), 
and methylene chloride for cellulose triacetate (CTA), 
which brings actual and potential danger to the production 
and the environment (Fig. 2).  As known to all, acetone is 
extremely volatile and flammable, while methylene 
chloride is more hazardous than acetone for its toxicity. In 
addition, the producing technology also lacks efficiency 
for its long processing. 

 

Fig. 2. Production Process of CAF ( Dry Spinning) 

Compared to the wet/dry spinning, melt spinning offers 
several advantages such as lower energy demands, more 

efficiency, convenient modification, better properties of 
fiber products and so on[4]. However, CAF will turn dark 
resulting from the thermal decomposition of CA during 
melt spinning without any addition of the addictives due 
to the narrow temperature gap between Tm and Td as 
mentioned above. Therefore, many researches focusing on 
the plasticizing modification of CA have been done to 
broaden the processing temperature gap, which can be 
basically classified into three categories: blending with or 
grafting by other polymer, adding low molecular weight 
plasticizers.  

It has been shown that polylactic acid (PLA) can be 
used to blend with or graft in CA to improve the thermal 
properties and process performance of the blend/graft 
products[5]. Although blending is practicable, simple and 
convenient, the incompatibility of blends do affect the 
processing and the performance of the products. Apart 
from PLA grafting CA, Lactone is commonly practiced to 
modify CA[6-9], main role being to destroy the cellulose 
crystalline structure and lead to a lower glass transition 
temperature. Despite of the good modification effect of 
introduction of side chain by CL or PLA, it also causes 
some problems to be solved such as side chain flow and 
increased brittleness of products and so on. Another 
plasticizing modification of CA is usually accomplished 
by adding low molecular weight plasticizers like 
phthalates, glycerine and phosphates. To make sure a 
ideal plasticizing effect, adding quantity is highly 
demanded, while ending in plasticizer exudation when it 
comes to process[10].  

To establish a more efficient and environment-friendly, 
lower energy consumption spinning process for CAF, A 
lot of researches have been done on modification and 
fiber formation of CA in our group. In the previous work, 
Ionic liquids(ILs) are adopted as plasticizer of CA for 
their properties of little steam pressure, high thermal 
stability, strong polarity etc[11-15]. CA and ILs are mixed at 
room temperature with mass ratio of 3:2 and 4:1, 
subsequently blend in the micro twin-screw extruder for 
30 minutes with 170°C and 200°C barrel temperature and 
extrusion temperature, respectively. The blends are 
extruded into fibers with 150 rpm screw speed and 150 
rpm winding speed.  

 
Fig. 3. Fiber Formation Process of CAF 
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It was noticed that the blends with mass ratio of 4:1 
were uncapable to be extruded into fiber when the 
extrusion temperature was below 200°C, while CA 
without any ILs became black within a few minutes at 
200°C. In contrast, the blends with mass ratio of 3:2 had 
better spinnability and can be extruded into fiber at 170°C 
(Fig.4). Therefore, it can be concluded that ILs acting as 
plasticizer can contribute to modify CA. With the increase 
of the ionic liquid content, the fiber formation 
temperature decreased. The plasticization mechanism of 
ILs and the process parameters of fiber shaping will be 
further investigated in our subsequent work. 
 

 

Fig. 4. Photo of CAF 
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INTRODUCTION 
Seamless knitted bras eliminate irritating seams and 
stitches, light in weight, and provide a streamlined and 
sleek body image. However, they tend to compress 
wearer’s breasts due to the restricted cup volume. This 
study aims to design and develop a new seamless knitted 
bra with a goal to increase the cup volume, based on a 
systematic design framework. 
 
DESIGN FRAMEWORK 
Design framework was first initiated by Jones [1], Hanks 
[2] and Kobergs [3]. The three framework most 
frequently adopted by clothing and textile researchers 
were from DeJonges [4], Watkins [5] and Lamb & Kallals 
[6]. Their approaches appeared similar to each other but 
the sequences and focuses were different. DeJonges’ [4] 
emphasizes the early stages of thorough investigation but 
it may not be applicable to all type of design settings, 
especially for those new products with no existing test 
standards. Lamb & Kallals’ [6] is a look-ahead approach 
which leads an early adaptation of a solution. More 
creative thinking is advocated by Watkins [5]. This study 
synthesizes the merits of these approaches and formulates 
a six-stage framework for the design and development of 
seamless knitted bras, as described in the following. 
 
Problem identification 
The two main problems of existing seamless knitted bras 
are that the breast shape is compressed and seams are 
required for neatening the neckline and joining the 
shoulder straps which affected the bra fitting and user fit 
perception. 
 
Statement of goals 
Therefore, the two main design goals are to increase the 
cup volume and to develop a total seamless knitted and 
sew-free bra-style. 
 
Idea generation  
To increase the cup volume, three ideas were generated. 
Firstly, dense knitting constructions, such as false ribs, 
were used for knitting the cup boundaries which cause the 
cup fabric to bunch up with gathers for creating a bigger 
cup volume. Secondly, the stitch cam settings were 
optimized for appropriate stitch tightness and density of 
the cup fabric. Thirdly, a new three-dimensional heat 
setting method was applied to control the shrinkage of the 
cup fabric. 
 

 
 
 
To develop a total seamless knitted and sew-free bra style, 
a bra tube was designed with press-off technique to 
include shoulder straps and armhole by plain and floats 
stitches. (Figure 1) 
 

 
 
FIGURE 1. Press-off technique of knitting a total seamless bra  
 
Prototype development 
The prototypes were knitted by a Santoni SM8-TOP2 8-
feed single jersey electronic circular knitting machine 
(cylinder diameter=14inches; 1248 needles with 28 
gauges) using Nylon 66 textured yarns. Prior to knitting, 
the yarns running tensions were measured by a 
WELMSTAR yarn-rate tensionmeter. The knitting 
experiment was conducted in a factory environment with 
20°C and 65% humidity.  
 
The final design of the total seamless knitted bra is shown 
in Figure 2. In this cross-back design, the big armholes 
were formed by the press-off techniques and the stitches 
were locked by 1x1 knit-float in-turn welt structure.  
 

  
 
FIGURE 2. Final total seamless knitted bra design  
 
Evaluation  
To evaluate the pressure comfort of the newly developed 
seamless knitted bra, a pressure sensor (Novel Pliance-X, 
Germany) was used to measure the skin pressure at 
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various body points exerted by the bra. (Figure 3) 
According to ASTM D4964-96 procedures, the tensile 
testing machine (INSTRON 4411 CRE type, USA) was 
applied to test the strain-stress behaviour of the underband, 
shoulder straps of the new seamless bra. To measure the
cup volume, lightweight micro-bead foam was used to fill 
up the cup hanging on top of a beaker. (Figure 4)

FIGURE 3. Points to be evaluated in the pressure test and its results

FIGURE 4. Simple device for soft bra cup volume measurement  

Implementation

When the design goals are largely achieved according to 
the evaluation results, the design can be further 
implemented by production refinement. 

DISCUSSION 

The skin pressure exerted by the new seamless bra was 
smaller than 3.2kPa, so was considered as comfortable, 
according to Makabe et al. [7]. The new bra cup volume 
was increased by 58.2% when comparing with the 
commercial seamless knitted bra. Therefore, the two 
design goals are largely achieved.

CONCLUSION

Using six-stage design framework a new seamless knitted 
bra was successfully designed and developed to solve the
problem of breast compression and sewing requirements.
The new design is a total seamless knitted bra with 

enlarged cup volume by optimizing the stitch cam settings 
and applying the new three-dimensional heat setting 
method. The techniques provide useful information for 
the advancement of seamless knitting technology. 

FUTURE WORK

In the future research, it will be interesting to develop a 
computer algorithm for automatic knitting of customized 
bras with optimum tension in different bra resgions for 
individual customers.
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Recently the spread of dangerous pathogens like 
Staphylococcus aureus (SA) and Klebsiella 
pneumonia (KP) in public facilities has caused a 
significant public health concern. TiO2 is one of the 
most suitable semiconductor photo catalysts for wide 
spread environmental  applications because of its 
strong oxidization power, lower cost, biological and 
chemical inertness, long term stability against photo 
and chemical corrosion [1,2,3,4]. Owing to these 
properties nano size titanium dioxide is a potential 
candidates as an antibacterial agents. TiO2 
nanoparticels have been used for surface coatings, in 
cosmetics and in industrial photo catalytic processes 
[1]. The anastase type of titanium dioxide absorbs 
photons in the UV range of the solar spectrum. When 
TiO2 absorbs a photon of energy equal to or greater 
than its band gap width, an electron may be promoted 
from the valence band to the conduction band  (ecb

-) 
leaving behind an electronic vacancy or hole in the 
valence band (hvb

+). If this separation can be stable, 
the electron and hole may migrate to the surface and 
a redox reaction can occur [2]. To obtained reactive 
oxygen species attack poly  unsaturated 
phospholipids in the wall of the bacteria cell  and 
catalyze then site specific DNA damage by 
generating H2O2 which might the result in cell death 
[3]. In this paper, polypropylene matrix were filled 
with titanium dioxide  at percentage of  1, 3 and 5 wt 
%. Thin films were then obtained by melt spinning. 
The films were then tested for their characteristics 
and antimicrobial activity. The films were also 
characterized by Differential Scanning Calorimetery 
(DSC), Thermogravimetric Analysis (TGA) Scanning 
Electron Microscopy (SEM) and Wide Angle X-ray 
Diffraction (WAXD) and tensile tester to assess their 
thermal, morphological and mechanical properties. 
The antimicrobial activity of the films was tested 
against staphylococcus aureus and klebsiella 
pneumonia using AATCC 145 standard. 
 
MATERIAL AND METHODS 
Polypropylene (PP HG 245 FB homopolymer)  
granules were purchased from Borealis. TiO2 
anastase (Aldrich) which has the particle size less 
than 25nm were used. PP/TiO2 nanocomposite films 
were produced by melt compounding using 15 ml 
twin screw micro-compounder (DSM Xplore).  The 
polymer granulates and nanoparticles were fed into 
the micro-compounder at 200oC and  screw speed 
100 rpm. The total mixing time at the same 

temperature and screw speed was 15 minutes. The 
melted polymer mixture was then extruded through a 
sheet die onto chilled rolls to form thin films with the 
thickness of 25-50 µm. Using these conditions,  a 
serie of films containing TiO2 (1, 3, 5 wt-%) in PP 
were prepared. The thermal characteristics of the 
films were determined by using  TGA Q 500 (TA 
instruments) and DSC Q 1000 (TA instruments). The 
TGA scans were recorded from -60 oC  to 700 oC at  a 
scanning rate of 10oC/min. DSC samples were heated 
at a scan rate of 10oC/min for -60 oC  to 220oC. The 
samples were then cooled with a rate of 20oC/min.  
The peak of melting temperature was determined. 
Wide angle X-ray diffraction (WAXD) profiles were 
obtained by using Cu Kα radiation (40kV, 40mA) 
generated by Bruker D8. The surface of the films was 
examined with SEM to determine the surface 
morphology. A 10 kV of acceleration voltage was 
used to obtain approximately 5000X magnification. 
The mechanical properties of the films were 
measured using Instron 5567 according to ASTM 
D882-10.  The samples were cut into pieces in the 
dimension of 2.5 cm x 1 cm. Then the samples were 
mounted on picture frame cartoon holders and placed 
in between clips of tensile tester. The edges of 
cartoon frames were cut before test.  The samples 
were drawn with the speed of 50 mm/min till they 
broke. Then the stress, strain and initial modulus 
were determined. Antibacterial activity of the films 
was evaluated against Staphylococcus aureus (ATCC 
6538) and Klebsiella pneumonia (ATCC 4352) 
according to parallel streak method (AATCC  147-
2004). Test bacteria were raised in the broth culture. 
The inoculums were prepared by transferring the 
distilled water (1:10). It was applied in five streaks 
on the sterile agar plate. Then the bare and filled 
samples were cut into 2.45 x 12.7 cm pieces. The 
specimens were placed in intimate contact with the 
agar. The agar plates were incubated at 37oC for 18 
hours. 
 

RESULTS 
All fibers were made in nitrogen atmosphere to 
measure the fraction that is non-volatile at 700o C. 
The weights of the samples became stable after the 
polymer parts of the samples were burned and 
volatile. These stable weights show the percentage of 
inorganic compounds of the samples. According to 
that the percentage of TiO2 nanoparticles in PP 
matrix was determined as 0.96 %, 3.02 %, and 
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5.12%.  The thermal properties of the films were 
shown in Table 1. The crystalline degree of the films 
decreased with filler content.  This decline can be 
explained with the increase in the heat transfer rate. 
Since TiO2 fillers have higher heat transfer rate, the 
nanocomposite films cooled down faster with the 
addition of TiO2 fillers. When the nanocomposite 
films cooled down faster, less crystalline regions 
were occurred along the films. The melting 
temperature of the films was significantly decreased 
as a result of the decrease in the crystalline ratio in 
the films structure. 

Table 1. Thermal properties of the films 
Sample Tm(oC) Tc-

Peak(oC) 
ΔHm(J/g) χ(%) 

PPTiO2 (1) 167.23 110.91 90.5 47.6 
PPTiO2 (3) 166.98 115.36 87.1 45.8 
PPTiO2  (5) 165.87 112.75 80.4 42.3 

 
The particle additions in the matrixes cause the same 
reflection peaks. PP shows five prominent peaks in 
2Ѳ range of 10-30o which correspond to monoclinic α 
crystalline phase. The reflections were determined at 
about 2Ѳ =25o (for TiO2 nanoparticles).  
 

 
Figure 1. SEM micrographs of the films (1% , 3%, 5%) 

The surface of the films was examined with SEM to 
determine the surface morphology. As shown in As 
shown in Figure 1, the distribution of the particles on 
the surface of the films was fairly homogenous. The 
agglomeration of  nanoparticles  can be seen  from 
the surface of the films. 
         Table 2.  Tensile properties of the films 

Tensile properties of PP/TiO2 nanocomposite  films 
were shown in Table 2. The initial modulus of the PP 
fibers filled with TiO2 significantly decreased. 
 This decline can be explained with high 
agglomerations ratio of the particles. These 
agglomerations decrease the mobility of the 
molecules in the film structure. 

The bare and filled samples were placed in intimate 
contact with the agar. The agar plates were incubated 
at 37oC for 18 hours.  After the incubation, the 
inhibition zone under the filled samples was 
compared with the zone under the bare samples. As 
shown in the Figure 2 and 3  the growth of the 
bacteria under the filled films inhibited by the filler 
content  while  the growth of the bacteria under the 
bare film were continuing. 
 

 
Figure2. Antibacterial activity of the films against SA(0;1;5%) 

 
Figure3. Antibacterial activity of the films against KP (0;1; 5%)  

 
CONCLUSIONS 
The antimicrobial efficiency for PP/fFTiO2  
nanocomposite films against SA and KP was studied. 
According to the obtained results, the antimicrobial 
efficiency is increasing with the nanoparticle content 
and the addition of TiO2 nanoparticles at a loadings 
as low as 1wt-%. The addition has only a slight 
change of the tensile and thermal properties. 
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Stress at 
Break 
(MPa) 

Strain at 
Break 
 (%) 

Initial 
Modulus 
(MPa) 

PPTiO2  
(1) 30 3.3 1166 
PPTiO2  
(3) 29 2.3 912 
PPTiO2  
(5) 28 2.3 790 
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INTRODUCTION 
Bacterial cellulose (BC) is one of the most promising 
biological based materials with broad prospective 
applications. Compared with other natural cellulose, for 
instance plant cellulose, BC is a nanostructured material, 
which displays many unique properties including higher 
purity, higher crystallinity, higher degree of polymerization, 
higher water absorption and retaining capacity, higher 
tensile strength, higher Young module and stronger 
biological adaptability. This kind of material has 
tremendous economic and societal benefits in many 
different fields, such as antibacterial wound dressing [1], a 
template to in-situ synthesize silver nanoparticles (AgNPs) 
by using its natural nanoporous networks [2]. Last year, 
regenerated BC fibers was spun after dissolved in N-
methylmorpholine-N-oxide monohydrate [3], which shows a 
considerable potential to be an excellent and green fiber 
resource for the sustainable textile industry. In order to 
decrease BC production cost, several cost-effective 
feedstocks including konjac glucomannan [4], wheat straw [5] 
and rice straw [6] have been developed and would be capable 
of reducing environmental problems simultaneously. These 
agro-based lignocellulosic byproducts provide abundant and 
renewable resources of fermentable sugars, which can be 
fermented to BC by microorganisms (Fig. 1). In order to 
study the complex effects of the sugars from lignocellulose 
on the growth of bacteria and biosynthesis of BC, six sugars 
including glucose, mannose, galactose, D-arabinose, L-
arabinose and xylose were used in this study. 
 
RESULTS 
The effect of the sugars from straw hydrolysates as the 
individual carbon source on the production of BC by acetic 
acid bacteria and black tea fungus was studied. BC yield, 
conversion rate and consumption rate of sugars, bacterial 
availability and pH values in media were determined. BC 
films were characterized on thickness, water-holding 
capacity, and crystallinity. The results showed that after the 
cultivation, the pH in all the cultures decreased. Bacterium 
could utilize xylose, which was contrary as expected at the 
beginning that it was not able to utilize the pentose. The 
black tea fungus consumed mannose a lot but its conversion 
rate was relatively lower. Glucose was the most suitable 
sugar for BC production by both microorganisms. The 
effects varied when the concentration of sugars changed, 
especially for xylose. The results demonstrate a high 
potential of these sugars from renewable agricultural 
residues to produce BC. 

 
 

Fig. 1 Approach about biorefinery of lignocellulosics to BC. 
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INTRODUCTION 
Cotton has been the premium natural fibre for textiles and 
related products for many centuries. However, the fiber 
productivity has reached its plateau in the last decades 
while the demand for high quality cotton is growing. To 
cope with this demand, plant breeding and biotechnology 
focus on increasing fibre yield and quality of cotton 
cultivars. Also longer-term goals may include fibre 
modification to improve or develop novel fibre properties 
such as tuneable reactivity or water absorbency[1]. 
 
The reactivity of cotton fibers can be modified by the 
inclusion of positively charged  molecules in the 
secondary cell wall which constitutes the major part of the 
cotton fibers[2]. The aim of this novel approach is to 
create a breakthrough in the reactivity of cotton fibres 
with chemicals used in the textile industry. However, the 
development of these new traits in cotton requires the 
selection of novel fiber types with the best performance in 
an early stage. As such a screening tool for very small 
quantities of fibres is needed.  
 
The aim of this study is to establish a reproducible test 
method and optimize it to be applicable on small amount 
of fiber material. For this purpose a spectrophotometric 
method based on the absorption of Acid Orange 7 dye is 
extensively studied. Two other well established methods 
for nitrogen analysis namely the Kjeldahl method and 
near infrared spectroscopy (NIR) are used to validate the 
proposed method. Cotton fibers treated with different 
concentrations of a cationic agent are used as reference 
for the validation of the test methods. 
 
MATERIALS AND METHODS 
Scoured-bleached cotton fibers were prepared by Utexbel 
(Ronse, Belgium). The cationic agent, acetic acid, sodium 
hydroxide and sodium acetate were purchased from 
Sigma Aldrich (Bornem, Belgium). Acid Orange 7 was 
supplied from Boruta-Zachem Kolor Ltd. (Bydgoszcz, 
Poland). The non-ionic wetting agent Croscolor PTM was 
delivered by Eurodye-ctc (Jodoigne, Belgium). 
 
All dyeing experiments and modification of cotton fibers 
with cationic agent were performed in a Mathis Labomat 
BFA-8 lab dyeing machine, using sealed stainless steel 
dye pots. A Perkin Elmer Lambda 900 double beam 
spectrophotometer was used to obtain UV-Vis spectra. 
The percent nitrogen of cationic, transgenic and control 
fibers was determined in duplicate by the Kjehdahl 
method. NIR spectra cotton fibers were obtained using the 

ASD spectrometer LabSpec 5000 in reflectance mode. 
The spectra of fibers are based on 10 repetitions. 
 
RESULTS AND DISCUSSIONS 
The effect of processing parameters namely concentration 
of dye and wetting agent, dyeing time and dyebath pH on 
Acid Orange 7 measurements has been extensively 
studied and the optimal conditions to test cotton fibers 
were found to be as follow: 0.2 g/L dye, 0.7 g/L wetting 
agent, 3 hours dyeing time and pH 4. 
 
The proposed method is intended to screen fibers 
containing chitin and therefore validated with cotton 
fibers containing increasing levels of a cationic agent. 
Bleached cotton fibers were treated with various (10 
different) concentrations (1-40 g/L) of the cationic agent 
and compared to a blank sample. Figure 1 [3] shows the 
results of the selected methods for fibers treated with 
different concentrations of the cationic agent to test the 
sensitivity and accuracy.  
 

 
Figure 1. The screening results and standard deviations of 
fibers treated with different concentrations of cationic 
agent analyzed by (a) Acid Orange 7, (b) NIR and (c) the 
Kjeldahl method 



For the Acid Orange 7 method, an excellent correlation 
between the solution exhaustion and the concentration of 
cationic agent was observed indicating the sensitivity of 
the method to measure reactivity differences on cotton 
fibers even at very low concentration. This can be 
attributed to the preferential binding of the Acid Orange 7 
to the cationic agent where only weak van der Waals or 
hydrogen bonding may occur in the untreated fibers.  Also 
the standard deviation of the method is less than that of 
the other two methods under investigation. Apart from the 
sample treated with 2 g/L cationic agent, a reasonable 
trend is obtained in the results of the NIR measurements. 
The data point shown is the mean value of PC1 of 10 
repetitions for each sample. The increased signal intensity 
between this particular region (2200-2300 nm)  of the 
spectra is due to the increasing number of N-methyl 
groups resulting from the increased agent concentration 
used for the fiber treatment. The nitrogen content of the 
fibers measured by the Kjeldahl method increased with 
increasing agent concentration. However the differences 
between concentrations below 7.5 g/L were below the 
standard deviation, meaning that the resolution of  the 
measurements is limited at lower concentrations. It is also 
well known that a certain amount of sample is required 
for an appropriate measurement when the nitrogen 
content of the sample is low for the Kjeldahl method. 
 
The absolute values of the results obtained from the 
methods are different from each other due to the 
differences in fundamental characteristics. Therefore an 
analysis of the correlations between these methods, Figure 
2[3], can be useful for correct evaluation of the 
techniques. The correlations between the methods at 
higher agent concentrations are more reliable than the 
ones at lower agent concentration. It is also noted that the 
correlation between the Acid Orange 7 method and NIR 
(R2 > 0.98)  is higher  than the correlations of these 
methods with the Kjeldahl method (R2 < 0.95). 
  
The results demonstrate that Acid Orange 7 provides the 
most reliable accuracy and reproducibility to measure 
even the small differences in fiber reactivity. A major 
advantage of the Acid Orange 7 is that, by being a wet 
state technique, it can simulate large-scale industrial 
textile processes. As many textile treatments are wet-
processing operations and the fiber characteristics can be 
different in wet state, combining a wet technique  with 
other established techniques is very crucial for the correct 
performance evaluation of bioengineered fibers.  
 
CONCLUSIONS 
Recent progress in bioengineering technologies offers the 
potential to design new traits on cotton fibers to improve 
fiber characteristics. The development of these novel 
traits requires a careful selection of fibers with the best 
performance in the early stage of this process. New test 
methods that can score these traits on very small amount 
of fiber samples are required due to the limited 
availability of bioengineered cotton lines in the initial 
stages of the selection. For this purpose, a 

spectrophotometric method, using Acid Orange 7, is 
applied in this work for the determination of reactivity 
variations in cotton fibers. 

 

Figure 2. Correlations between the different methods 

The processing parameters of the Acid Orange 7 method 
namely dyeing time, pH, dye and wetting agent 
concentration were optimized. The feasibility and 
capability of the method is validated using cationic treated 
fibers. Good correlations were obtained between the Acid 
Orange 7 and two more established methods for the 
determination of nitrogen content. However the Acid 
Orange 7 method showed the highest sensitivity and 
reproducibility especially at the low end of the nitrogen 
content/concentration. 
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OBJECTIVE 
The objective of this applied research project, jointly 
undertaken by the Swiss Textile Industry and the Lucerne 
University of Applied Sciences and Arts, is to research 
the properties and characteristics of bamboo fibers in 
order to evaluate their potential for substitution and 
enrichment of fiber resources for apparel production in 
Europe. The present research project focusses on bamboo 
stem yarn and not bamboo viscose yarn which is already 
in commercial use. The worldwide production of cotton 
has reached its limit due to land and productivity 
constraints. Polyester production is bound to the 
consumption of oil, thus its worldwide availability is 
decreasing. Bamboo fibers could be one solution in this 
quest for new fibers, because of the abundance and 
availability of bamboo as well as its favorable fiber 
properties. 
 
INTRODUCTION 
The research project, BambooSigns, is funded by the 
Swiss Comission for Technology and Innovation (KTI 
Kommission für Technologie und Innovation) in 
association with four textile and product companies in 
Switzerland - Litrax AG, Weisbrod Zürrer AG, Traxler 
AG and ChemAxis GmbH - and carried out by the 
Lucerne University of Applied Sciences & Arts. The 
sustainability of bamboo fibers is of particular importance 
– it grows very fast, up to one meter per day, it grows 
worldwide, it is a valuable plant in the ecosystem and it 
fixes CO2 very efficiently. Yet in Europe the plant has a 
somewhat negative image, which is demonstrated by a 
customer survey. The definition and testing of bamboo 
stem fiber properties for textile production are important 
in proving its feasibility within the textile chain. During 
this project bamboo fiber was used in the production of 
carpets, exclusive foulards and pullovers by a Swiss 
spinning mill, a tufting company, and a weaving and 
knitting mill. 
 
APPROACH 
Three milestones were defined for the project. The first 
deliverable includes a material guide based on material 
properties gained by desktop research and standardized 
fiber testing at EMPA. The material guide provides a 
technical and scientific specification of bamboo material. 
The second deliverable consists of a design-guide based 
on the material guide and application strategies and 
guidelines for bamboo material. The design guide 
characterizes product development concepts according to 
the following criteria: material recognition, material-
adapted manufacturing, innovation, appearance, market 

potential. The design-guide was developed using 
empirical interview methods by expert panels and 
comprises a design briefing for the product development 
by the companies. The third deliverable comprises 
product samples and prototypes developed in line with 
both the material guide and the design-guide. The bamboo 
textile samples and prototypes were developed according 
to the following criteria: production properties, 
production handling, and product appearance.  
 
RESULTS AND DISCUSSION 
Bamboo properties 
Bamboo is a grass and is not classified as wood. There are 
more than 1400 bamboo species worldwide which grow 
mostly in Asia, Africa, Australia and America and also in 
Europe. They grow most rapidly in the tropical and sub-
tropical zones but are also found in colder environments. 
Bamboo grows to a height of 35 meters and a diameter of 
30 cm or more. It consists mainly of cellulose, lignin and 
hemi-cellulose, also smaller parts of resin, tannin, wax 
and inorganic salts (Yu 2007). In Asia bamboo is used 
mainly for construction and household purposes, for 
nutrition, and for the production of paper and cosmetics. 
It provides an income for as many as 1,5 Billion people. 
As a construction material, bamboo is harder than most 
European wood species. With respect to flexibility, 
strength, elasticity and lightness, bamboo has excellent 
properties compared with other construction materials 
such as wood, cement, steel and glass (Yu 2007). 
 
Bamboo sustainability 
In tropical regions bamboo grows up to one meter per day 
and thus represents a fast growing biological resource. 
After three years of growth, bamboo stems can be 
harvested for production purposes. Bamboo is a perennial 
plant which can be harvested continually without the need 
for new seeding. The bamboo plant regenerates itself 
every five years (Liese, in Vegesack 2000) and due to its 
rhizome provides a positive influence on soil erosion and 
water conservation within the ecosystem (Yu 2007). 
Bamboo displays efficient CO2 storage through 
photosynthesis. The eco-costs of bamboo are shown in 
Table 1, based on a bamboo stem of 5,3 m in length and 
8,5 cm in diameter. 
 
Species Eco-costs [Euro/kg] 
European Oak 0.17 
Bamboo Stem 0.88 
Teak (FSC certified) 1.25 
Table 1: Eco-costs of Bamboo and Wood Species (Lugt) 
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The comparatively high eco-costs of bamboo relative to 
European wood are a result of the fossil fuel inputs of 
shipping from Asia. These eco-costs could be 
circumvented by growing bamboo in Europe as is already 
done in the South of France. 
 
Bamboo fiber properties 
The bamboo stem fibers used in this project were 
extracted from Guizhu bamboo species from a sustainably 
managed forest in central China. The fibers were 
extracted by mechanically splitting the bamboo stems into 
smaller fractions followed by rasping off the woody parts 
by semiautomatic mechanical treatment. Finally the 
cellulose fibers were separated from the remaining stem-
parts by enzymatic treatment (Litrax 2011). The resultant 
bamboo fibers have a length of 20 cm and a dtex of 5,8. 
In a European spinning mill NM 10, NM 28 and NM 40 
yarns were produced (catalogue Schöller 2011). 
 
Bamboo stem fiber properties 5,94 dtex 
Tenacity Mean value 32 – 35 cN/tex 
Elongation Mean value 2,9% 
Module Mean value 9-11 cN/tex/% 
Table 2: Bamboo stem fiber (Lenzing SA/Litrax 2007) 
 
The chemical compounds analysis shows that the bamboo 
stem fiber can be classified as Ökotex 1 except for the 
lead value, which is higher than the Ökotex 1 limit and 
therefore falls into the Ökotex 2 category. Compared with 
Lenzing Tencel, the fiber tenacity is similar but the 
elongation is much lower. The bamboo stem yarn is more 
regular than linen with respect to thins, thicks and neps. 
However the hairiness is high and dust formation during 
spinning, weaving and knitting can therefore be observed. 
 
Bamboo yarn 14,75 tex 
Tenacity 
 

Mean value 
Standard deviation 

13,0 cN/tex 
1.12 

Elongation Mean value 
Standard deviation 

18,1% 
1.56 

Incineration/ 
Ashing 

Mean value 
Standard deviation 

0.23 % 
0.0001 

Table 3: Tenacity, elongation and incineration behavior 
of Bamboo yarn (standard testing EMPA April 2011) 
 
The dyeability of bamboo fibers with standard cellulose 
dyes is good, although the color fastness seems to be a 
little lower than with cotton fibers. Bamboo fibers 
incinerate with practically no residue. They also dry more 
slowly than other cellulose fibers. The tenacity value is 
comparable with cotton yarns, the elongation value of 
bamboo stem yarn is much higher compared with cotton 
yarn. A special property of bamboo yarn is its sheen 
which is distinct and resembles that of silk.  
 
Bamboo textile production properties 
Bamboo slivers must be washed before spinning in order 

Spinning is carried out in wool-spinning process lines. In 
spinning, weaving and knitting, bamboo dust is a 
problem, which has to be effectively dealt with during 
production preparation. Otherwise production and dyeing 
can be carried out following standard procedures.  
 
Bamboo textile prototypes 
The textile prototypes were developed taking into account 
bamboo stem fiber and yarn properties together design 
briefings. Prototypes were accordingly defined and 
developed together with the textile project partners. The 
prototypes included an exclusive men’s and ladies’ 
foulard produced by Weisbrod-Zürrer, and a summer 
sports pullover produced by Traxler. These show the 
exclusive appearance of the produced fabric, its sheen and 
its contemporary look. 
 
CONCLUSIONS 
Although there are still few hard facts on bamboo stem 
fiber properties, the product development within this 
project shows that the fiber has definite promise and 
could be a valuable add-on for the apparel and interior 
textile markets.It is not only a sustainable fiber but also an 
attractive fiber with respect to touch and feel as well as 
image and design. The bamboo fiber surprises by its 
exclusive appearance and favorable production properties. 
The physical characteristics will have to be further 
researched and optimized in order to produce standard 
high quality yarns and fabrics.  A textile production chain 
will have to be established in order to secure mass 
production on a high quality level. Although as observed 
in the customer survey, bamboo has a somewhat negative 
image (“does not belong here”), the prototypes and 
products manufactured from bamboo based on 
contemporary designs were well received by the people 
interviewed. This represents an important opportunity for 
the introduction of bamboo stem fiber products to the 
market. 
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INTRODUCTION 
Nonwovens are an industrial mass-produced (around 1.78 
million tonnes were produced in 2010 [1]) product with 
high customer requirements. Many objective online 
inspection systems for nonwoven production are 
established in industry. However, customers judge the 
quality of nonwovens not only based on objective 
properties, but also according to their aesthetic 
appearance. Therefore, the project aims to reproduce the 
subjective perception of quality by customers through an 
objective image analysis.  
 
APPROACH 
In the first step the subjective quality of nonwoven 
samples is gathered using two methods. First method is a 
survey conducted in a showroom including 12 selected 
nonwoven samples.  
Customers and experts judge their quality on a scale from 
1 to 12. The second method is a computer-based pair wise 
comparison of nonwovens. For this purpose the 
showroom samples are scanned and their images are 
integrated into a computer program made by Reifenhäuser 
REICOFIL GmbH & Co. KG, Troisdorf/Germany. Both 
methods are evaluated and their results are compared. 
 
Image Analysis 
Second step is developing a nonwoven image analysis for 
their objective evaluation.  
Prior to the analysis of the scanned nonwoven samples 
some pre-processing steps are necessary. First, the 
scanned nonwoven samples were cut to the same 
dimensions. Then all pictures were converted to grey-
level images. A Gaussian pyramid is used to filter out the 
calender prints. Figure 1 shows the transformation from 
the original image (left) to the grey-level image (middle) 
to the filtered image (right). 
 

Figure 1: Image transformation steps 

Different methods of image analysis are used to obtain 
objective nonwoven properties. Not only the brightness 
distribution of the images but also the size and number of 
lighter and darker areas (so-called clouds) are identified 
and further analyzed. These clouds occur due to thicker 
and thinner areas in the non woven. Therefore, the 
brightness distribution indirectly correlates to the tensile 
strength variation of a nonwoven. 
Each method is tested for a correlation to the subjective 
quality judgments. In case of good correlation, nonwoven 
properties calculated by the image analysis are 
summarized in a single quality value for each sample. An 
evaluation program automates the analysis steps. 
 
RESULTS AND CONCLUSION 
The comparison of the subjective and objective quality 
evaluation shows a good correlation. Figure 2 shows the 
correlation between the subjective and objective ranking. 
As the coefficient of correlation is about 0.95 it is 
possible to represent the subjective ranking by an 
objective image analysis method. 
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STATEMENT OF PURPOSE/OBJECTIVE 
Carbon nanotubes (CNTs) were stabilized on a cotton 
surface using vinylphosphonic acid monomer as a 
crosslinking agent and benzophenone as a catalyst. The 
influence of CNTs and polyvinylphosphonic on the 
thermal properties of the cellulose fiber was investigated 
using Fourier transform infrared spectrophotometer 
(FTIR), thermo-gravimetric analyzer (TGA) and 
horizontal flammability test (HFT). The possible 
interactions between CNTs, polyvinylphosphonic acid 
and cellulose at the surface were elucidated by the FTIR 
spectroscopy. The results indicated that 
polyvinylphosphonic/CNT nanocomposite improves the 
thermal stability of the substrate.  
 
INTRODUCTION 
Cotton is highly combustible and continue to burn after 
removal from a flame. Ultraviolet-curable flame-retardant 
monomers have recently been of special interest to textile 
chemists in textile finishes. The most widely studied 
nano-fibrous materials with respect to polymer flame 
retardancy are carbon nanotubes (CNTs) [1]. However, 
lack of attraction between these particles and textiles has 
limited their application in the textile industry. As far as 
we know, there is no report introducing UV curable flame 
retardants to stabilize CNTs on cotton fibers. In this 
study, for the first time, we utilize vinylphosphonic acid 
monomers as a bridge between cellulose and CNTs. 
According to our method, the direct utilization and 
stabilization of CNTs resulted in achievement of high 
efficient flame retardant finishing of cotton fabrics. 
 
APPROACH 
Cotton fabric was used from Yazd Baft Co. Iran. 
Multiwall carbon nanotubes (MWCNTs) from the Iranian 
Research Institute of petroleum Industry was used with 
5% of carbon impurities. Its length wall was about 10 μm 
and the average outer diameter was 10–30 nm. 
Vinylphosphonic acid with the molecular weight of 108 
g/mol, density of 1.37 g/cm3 and more than 97 % purity 
was provided from Archimica, Germany.  
Stabilization of MWCNTs on cotton was produced by a 
five-step method. First, 220 mg of MWCNTs was 
dispersed in 180cc sulfuric acid and 60cc nitric acid, and 
the mixture was further treated with an ultrasonic machine 
at 40°C for 5 h. Second, the mixture was poured in cold 
water, centrifuged and washed by successive 
agitations/centrifugations with deionized water for several 
time. Third, 220 mg vinylphosphonic acid and 110 mg  

 
benzophenone were added into the MWCNTs dispersion 
with vigorously stirring at 30°C for 2 h. Four pieces of 
cotton fabrics were then dipped in a bath containing 4 mol 
benzophenone and deionized water (molar ratio of 1:10) 
at 30°C for 2 h. Finally, all the cotton samples were 
treated with functionalized MWCNTs and cross-linking 
of the fabrics was conducted by UV irradiation 
(Germicidal UV lamp from Keosan Enterprise Co. Ltd: 
15W/0.3A, UV-C, λmax=250 nm) at ambient temperature 
for 30, 60, 90 and 120 min. The treated fibers were fully 
dried at 70°C in an oven. The coated fabrics were then 
washed separately at 40ᵒC for 15 min using 2 gr/lit 
sodium carbonate and 1 gr/lit nonionic detergent.  
 
RESULTS AND DISCUSSION 
The infrared spectra of the untreated and 
polyvinylphosphonic acid cross-linked cotton as well as 
the sample coated with polyvinylphosphonic 
acid/MWCNT composite under UV irradiation are shown 
in Figure 1. After cross-linking of cotton with 
vinylphosphonic acid (Figure 1b), the intensity of the 
bands at 3843 and 3753 cm-1 were decreased. These 
changes are associated with decrement in inter- and intra-
chain hydrogen bonds due to coating of monomer on the 
cotton fiber surface by the polymerization process. The 
weak peaks at 1275 and 1034 cm-1 exhibited by the 
monomer treated surface are due to the absorption bands 
of the P-O and P-O-C stretching vibrations which are 
characteristics of the cross-linked phosphonate groups, 
respectively. A broader peak was observed at 3436 cm-1 
for vinylphosphonic acid cross-linked fiber due to the 
acidic OH stretching vibrations of the free phosphonic 
acids. As it can be seen in Figure 1c, small peaks 
appeared at 1550 and 2364 cm-1 assign C=C bonds in 
MWCNTs and phosphine (P-H) stretching groups in 
vinylphosphonic acid, respectively. A band appeared at 
1744 and 1800 cm-1 can be expressed as carbonyl 
anhydrides on the surface of the modified MWNTs which 
confirms successful incorporation of them in the cross-
linking process of fibers [2].  
Figure 2 summarizes the thermal degradation of the 
untreated cotton and those of the samples cross-linked 
with MWCNTs and polyvinylphosphonic acid. The 
sample cross-linked with polyvinylphosphonic acid 
showed higher degradation compared with the untreated 
cotton. This was due to flame retardant properties of 
polyvinylphosphonic acid which provided a cotton textile 
with higher thermal stability [3]. Incorporation of 
MWCNTs in coating resulted to improve the thermal 
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stability. This depended on duration of UV irradiation 
process and there was much improvement in thermal 
stability of cotton with an extension of UV irradiation. 
This improvement of thermal properties is attributed to 
the high heat resistance, the heat insulation effect and the 
mass transport barrier toward cellulose molecular chains 
exerted by the MWCNTs themselves which are a measure 
of flame retardancy. On the other hand, the formation of 
MWCNTs-bonded macroradicals on the cotton surface 
effectively improved the thermal stability of cotton. 
 

 
Figure 1: FTIR spectra of samples: (a) untreated cotton, (b) 
cotton cross-linked with polyvinylphosphonic acid under UV 
irradiation for 120 min, (c) cotton cross-linked with 
polyvinylphosphonic acid/MWCNT composite under UV 
irradiation for 120 min 

 

 
Figure 6: Thermal degradation of (A) untreated cotton, (B) 
cotton cross-linked with polyvinylphosphonic acid after UV 
irradiation for 120 min, (C) cotton cross-linked with 
polyvinylphosphonic acid/MWCNTs composite after UV 
irradiation for 30 min, (D) cotton cross-linked with 
polyvinylphosphonic acid /MWCNTs composite after UV 
irradiation for 60 min, (E) cotton cross-linked with 
polyvinylphosphonic acid/MWCNTs composite after UV 
irradiation for 90 min, (F) cotton cross-linked with 
polyvinylphosphonic acid/MWCNTs composite after UV 
irradiation for 120 min 

 
Table 1 shows the summary of the length, time and rate of 
burning for the untreated and cross-linked cotton textiles. 
The untreated cotton fiber ignites easily after exposing to 
flame. However from Table 1, it is clear that the burning 

length for the sample cross-linked with 
polyvinylphosphonic acid was decreased and the burning 
rate was lower than that of the untreated fabric. Any 
increase in time of UV irradiation caused more decrease 
in the flammability and the burning rate. It can be seen 
that the time needed for burning of the same length for the 
cotton cross-linked samples was longer compared with 
the untreated cotton. Results obtained also indicated that 
the amount of monomer grafted on the cotton surface is 
highly related with duration of UV irradiation. It can be 
suggested that polyvinylphosphonic acid cross-linked on 
the cotton surface decomposes before cotton and 
generates phosphoric acid as a protective layer [4]. 

 
Table 1: Burning rate for untreated cotton and those cross-linked 
with polyvinylphosphonic acid/MWCNTs under UV irradiation  

 
CONCLUSIONS 
MWCNTs and a flame retardant cross-linking agent were 
used to fabricate a flame retardant coating on the cotton 
through UV irradiation. The stabilization of CNTs in the 
composite coating was achieved by a reaction of 
polyvinylphosphonic acid and cellulose chains. The 
results obtained from TGA and HFT tests demonstrated 
an improvement of the thermal properties and 
flammability of the coated samples. This can be as a 
result of a high heat resistance, a heat insulation effect 
and the mass transport barrier of CNTs embedded in the 
coating. This textile composite coating is therefore very 
promising for civil applications as an effective light-
weight flame retardant material. 
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Sample 

 

Duration of UV 
irradiation (min) 

Burning length 
(mm) 

Ignition 

time (s) 

Burning rate 

(mm/s) 

untreated cotton - 80 12.83 6.23 

cotton cross-linked 
with 

polyvinylphosphonic 
acid  

60 73 12.94 5.64 

120 67 14.93 4.49 

cotton cross-linked 
with 

polyvinylphosphonic 
acid / MWCNT 

composite 

30 45 17.16 2.62 

60 40 17.95 2.23 

90 25 18.68 1.34 

120 18 19.12 0.94 
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INTRODUCTION 
As world population and economic prosperity grow 
side by side, the total energy consumption is bound to 
increase. The present annual worldwide energy 
consumption is ~15 TW (terawatts) and more than 
80% of this requirement is met from non-renewable 
sources such as oil, coal and gas. By 2050, the energy 
demand is expected to touch 30 TW [1,2]. A paradigm 
shift from fossils to renewable source has been taking 
place because of the realization on limitation of fossil 
fuels, climates change issues and the need for creating 
a sustainable living environment. Economically viable 
and stable energy conversion devices with efficiencies 
surpassing those presently available are fundamental 
to such a transition, requiring new generation of 
materials offering superior charge transport and a 
board-spectrum light harvesting properties. Dye-
sensitized mesoporous nanocrystalline TiO2 solar 
cells have received considerable attention as potential 
cost-effective alternatives to costly silicon solar cells 
[3]. The anode of dye-sensitized solar cells (DSSC) 
consists of random network of TiO2 nanoparticles 
film that serves both as a high-surface-area support for 
dye molecules and an electron-transporting medium. 
DSSCs based on TiO2 nanoparticulate systems have 
shown a record efficiency of 11.5% [4]. Anatase phase 
TiO2 is preferred for electronic applications because 
of its crystal plan (1 0 1) that exhibits better electron 
transport, lower charge carrier recombination rate, 
better optical transparency and higher surface area [5]. 
 
Despite achieving high power conversion efficiencies, 
further improvement in the photovoltaic performance 
has been limited because of slow electron transport in 
the TiO2 nanoparticles film. It may be expected that 
the well-ordered and perpendicular nanotubes can 
provide enhanced surface area and electron transport 
compare to the random structures of nanotubes and 
also well-aligned nanowires. 
 
While many fabrication methods have been and 
continue to be investigated, the use of electrospinning 
could provide a low-cost approach that is quite 

versatile in achieving controllable diameter and 
porosity for the nanowires and nanotubes. But, 
conventional electrospinning produce an arbitrary 
orientation of the nanofibers on the electrode which 
unfortunately eliminates the advantages of the     
one-dimensionality. Therefore, in present work we 
have first produce aligned nanofibers, collected the 
nanofibers mats and processed to make them vertical 
nanotubes to the FTO substrate.  
 
EXPERIMENTAL 
The solution for electrospinning was prepared by 
dissolving 2 gr Polyacrylonitrile (PAN) polymer 
(Mw = 82,000, Sigma Aldrich) in 20 cc              
N,N-dimethyl formamide (DMF). The solution 
loaded into a hypodermic syringe which was 
connected to 60 nozzles (22.5 G stainless steel 
needle) by using equal length tubes and T 
connectors. As shown schematically in Figure 1, 60 
nozzles were arranged in two rows (30×2) on top of 
the rotating drum with 20 cm diameter and 25 kV dc 
voltage applied equally to the tips and the distance 
between the nozzles tip and the collector was set 10 
cm. The solution feedrate was set to 0.2 ml/h per 
nozzle using a syringe pump (KDS 200). The 
rotating drum was placed with the air-shield. The 
speed of the rotating drum was set at around 800 
rpm to collect the aligned nanofibers. The well-
aligned nanofibers on aluminum strips were 
collected for 10h. The fibrous strip was subsequently 
peeled off from the aluminum strip without any 
damage. The process for the preparation of vertical 
nanofibers was done according to previous work by 
doing some post treatment [6]. After preparing 
vertically well-aligned nanofibers on the substrate, 
the nanofibers sol-gel treatment was done by using 
Titan (IV)-isopropoxid 97% (TTIP) in acetone. The 
nanofibers were sintered in a muffle furnace at 
280ºC and 550 ºC by the rate of 2 ºC/min and 1 
ºC/min, for 15 min and 4h respectively to remove 
polymeric core part of nanofibers.  
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FIGURE 1. The schematic of 60 nozzles and rotating drum in 
electrospinning set up. 
 
RESULTS AND DISCUSSION 
In this research, a modified electrospinning set up was 
used to produce high amount of aligned nanofibers. 
As it was shown in Figure 2, by using the positive 
disk electrode for connection of nozzles, the bending 
of the electrical field lines between the nozzles and 
collector was minimized and the electric field lines 
between the disk and the collector were parallel in the 
electrospinning zone and the smooth electrical field 
profile could be obtained in electrospinning distance.  
 

 
FIGURE 2. 3d gradient voltage obtained in modeling of electrical 
field of modified electrospinning set-up. 
 
Aligned polymeric nanofibers ribbons were produced 
using modified electrospinning set up and then erected 
to vertical nanofibers on a FTO substrate after post-
treatment. By sol gel treatment of TTIP the nanofibers 
were coated with TiO2 and then heat treated to 
produce nanotubes as it is shown schematically in 
Figure 3. This is the only possible method by which 
the height of vertical nanotubes can be easily varied 
from 10 to 100 µm. These vertical anatase TiO2 
nanotubes were used as the photoelectrode in a DSSC. 
Enhanced photo conversion efficiency is very likely 
possible by using this method upon optimizing the 
height of the nanotubes, improving the porosity and 
reducing the diameter. 

 
FIGURE 3. The schematic of TiO2 nanotubes on FTO substrate 
for making DSSC. 
 
CONCLUSIONS 
In summary, we have developed an effective 
approach for the fabrication of vertically aligned 
anatase TiO2 nanotubes by electrospinning methods. 
To the best of our knowledge, this is the first report 
of anatase TiO2 nanotubes in a vertical architecture 
on FTO substrate using electrospinning. This 
method could be extended to provide porous and 
core-shell vertical nanowires too. 
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ABSTRACT  
Besides durability, design and fashionable, also, today 
fabric handling and comfort of a cloth are becoming into 
prominence. In general, consumers prefer a ready-made 
product by looking its softness-stiffness, hand, glossiness, 
and drape in other words its comfort properties.  
 
Fabric stiffness is one of the most widely used parameter 
to judge bending rigidity and fabric handling. The degree 
of fabric stiffness is related to its properties such as fiber 
material, yarn and fabric structure. But if it is a ready-
made product, also the sewing parameters should be taken 
into consideration [1].  
 
In this work, the effects of several sewing parameters 
such as seam allowance and seam density on fabric 
stiffness have been investigated. As fabric, tencel (100 %) 
and tencel/linen (70/30 %) were chosen because 
nowadays tencel fabric is widely used in ready-made 
industry especially for daily outwear cloths. As stitch type 
lock stitch was used in all samples. Three different seam 
allowances and three different seam densities were used. 
By using these fabrics and sewing parameters, 18 
different combinations were formed. Then, samples’ 
fabric stiffness was tested according to ASTM D1388-08 
standard namely “Standard Test Method for Stiffness of 
Fabrics” and results were evaluated in terms of sewing 
parameters with graphs. 
 
INTRODUCTION 
In ready-made industry, human comfort can be divided 
into three categories; thermal and moisture sensations, 
tactile sensations, and pressure sensations [2]. 
Additionally, there are two fundamental psychological 
dimensions that comprise all sensations produced by 
contact of clothing fabrics with the skin. The first is 
qualitative (descriptive) and relates to the specific sensory 
quality or attribute that is being perceived, e.g., 
roughness, stiffness, etc. The second is quantitative 
(intensive) in nature and relates to the perceived 
magnitude of that sensation, e.g., very rough, slightly 
stiff, etc [3]. 
 
Fabric bending rigidity is one of the most important 
factors influencing the handling and comfort of apparel,  

 
hence the bending behavior in other words stiffness of 
fabrics has received considerable attention in literature 
[4]. Several researches have been made related to the 
comfort properties of fabric. For instance, comfort 
analysis of woven cotton/polyester fabrics modified with 
a new elastic fiber have been investigated [5]. In another 
study traditional Italian fabric types were subjected to the 
sensory analyzes in terms of fabric stiffness [6]. Also the 
fabric stiffness has been analyzed in terms of the yarn 
spinning system at different yarn twist values [7].  
 
This study aimed to investigate the effect of seam 
allowance and seam density on fabric stiffness. 100 % 
tencel and 70/30 % tencel/linen fabrics were used in the 
experimental study with various seam allowance and 
seam density values. 
 
METHOD AND MATERIAL 
 
Material 
In the experimental process, 100 % tencel (201 g/m2, 95 
kF in warp direction, 85 kF in weft direction, 0.55 mm 
thickness, 838,09 mg.cm stiffness) and 70/30 % 
tencel/linen (218 g/m2, 73 kF in warp direction, 58 kF in 
weft direction, 0.45 mm thickness, 162,81 mg.cm fabric 
stiffness) fabrics were sewed by 100 % PES core-spun 
(COATS, 30 tex, 5 cN/tex, 485 T/M) sewing thread with 
three different seam densities and seam allowances.  
 
Method 
Experimental studies were carried out at Marmara 
University Textile Engineering and Ekoteks Laboratories. 
All samples before the experimental studies were 
conditioned by waiting 24 hours under the standard 
atmospheric conditions (20±2 C Temperature and %65±2 
relative humidity).By using three different seam densities 
(3, 4, 6 seam/cm), three different seam allowances (3, 5, 7 
mm) and two different fabric types; eighteen different 
combinations were obtained. Samples’ fabric stiffness 
was tested according to ASTM D1388-08 standard 
namely “Standard Test Method for Stiffness of Fabrics”. 
Fabrics stiffness results were evaluated in terms of the 
seam density and seam allowance. The fabric stiffness 
formula can be seen below and it was used for both weft 
and warp directions separately.  
 
C = X/2 (cm) G = 0,l*W*(C)3 (mg.cm)  
G0 = √ GW*GW (mg.cm) 

 



RESULTS AND DISCUSSION 

 

 

 
According to the all graphs, sewing process increases the 
fabric stiffness in every sewing combination. In the graph 
1, max fabric stiffness value was obtained in the 
combination of 5 mm seam allowance, 3 seams/cm seam 
density for both fabric. In terms of cloth comfort, the 
optimum value of 4499.13 mg.cm is obtained in the 
combination of 3 mm seam allowance and 4 seams/cm 
seam density for tencel fabric, 1049.57 mg.cm is obtained 
in the 5 mm seam allowance and 6 seams/cm seam 
density for tencel/linen fabric. On behalf of fabric 
stiffness results for weft direction (Fig.2), max stiffness 
for tencel fabric is 5944.40 mg.cm and for tencel/linen 
fabric 6410.94 mg.cm. On the other hand for warp 
direction (Fig. 3), max stiffness for tencel is 4647.00 
mg.cm and for tencel/linen 1615.12 mg.cm respectively. 
 
CONCLUSIONS 
As a result of the tests it can be said that fabric stiffness of 
tencel fabric is increasing to an optimum stitch density 
value. Thus, fabric gains a harder structure as a result of 
the decrease in drape.  
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ABSTRACT  
In this study, core spun yarns (core part copper, outer part 
cotton) at three different yarn counts and in three different 
twist degrees were manufactured in a laboratory type ring 
spinning machine. Every yarn type contains the same size 
copper wire (60 µ). But the outer layer (cotton) amount 
was changed. The effect of the cotton amount on the 
tensile properties, twist, yarn count, hairiness and 
electrical resistance were investigated.  
 
INTRODUCTION 
Today, value-added textile product design is coming into 
prominence. One can be expected from a textile product 
not only covering factor but also additional properties 
such as antibacterial, flame resistance, water/oil repellent, 
and electrical conductivity etc.    
 
Electrically conductivity gives to the yarn the opportunity 
of transfer of power, transmission of signals (in sensors, 
transmitters, microcontrollers etc.) and heating 
applications 1. Conductive yarns can be used to design 
smart clothing, corrosion protection, conductive fabrics 
for electromagnetic shielding applications 2, flexible 
displays, batteries, or sensors 3.  
 
This study was aimed to improve core-spun conductive 
yarns containing a copper core and cotton outer layer, in 
order to investigate the dependence of conductivity 
property to the insulator part amount. For this purpose, 
three different yarns counts in three different twist 
degrees were produced in the laboratory type ring 
spinning machine. The effects of cotton amount (insulator 
part) on the tensile properties, twist, yarn count, hairiness 
and electrical resistance values were investigated.    
 
MATERIALS AND METHOD 
60 µ copper wire was used the core part, Ne 1 cotton cord 
was used for the outer layer. Laboratory type ring 
spinning machine was used for the production process. 
Tensile strength measurements were carried out in Instron 
4411 instrument according to the ISO 2062 standard. 
Keithley 8009 Resistivity Test Fixture was used for the 
electrical resistance measurements according to the 
ASTM D257 standard. Yarn twists and hairiness were 
measured in James H. Heal & Co. Ltd. instrument and in 
Shirley Yarn Hairiness Monitor (SDL) respectively.   

 
By using these materials, three different yarns counts (Ne 
5, Ne 10 and Ne 15) in three different twist degrees (twist 
coefficients; 4, 4.4 and 4.8) were produced in the 
laboratory type ring spinning machine. The effects of 
cotton amount (insulator part) on the tensile properties, 
twist, yarn count, hairiness and electrical resistance values 
were investigated.    
 
RESULTS AND DISCUSSION 
The electrical resistance values of each core-spun yarns 
can be seen in Table 1. According to the table, at each 
yarn count, electrical resistance was increased up to twist 
degree of 4.4, then at the 4.8 twist degree it decreases. In 
other words the max conductivity values were obtained at 
the twist degree of 4, in Ne 5. This result is because of the 
bulkiness of the insulator part (cotton). Whenever twist 
increases, conductivity decreases.  
 
Table 1. Electrical resistance values at 20 mA, 0.03 V for 

each yarn counts and twist degrees. 
 

 
Twist Degrees 

Ne  α 4  α 4.4  α 4.8 
5 1.35E+03 2.12E+03 1.55E+03 

10 2.08E+03 3.85E+03 2.40E+03 
15 2.06E+03 3.40E+03 3.10E+03 

 
Tensile strength values for each core-spun yarn are 
illustrated in Figure 1. According to the figure, in the 
same twist degrees, tensile strength decreases at a certain 
level and reaches its minimum point in the count of Ne 
10, than it starts to increase. The maximum strength was 
obtained in the 4.8 twist degree, in the count of Ne 5.  
 
Yarn hairiness (Figure 2) and yarn twist (Figure 3) per 
meter values were showed consistency between each 
other. It means, whenever yarn count increases the yarn 
hairiness degrees and twist increases. The maximum yarn 
hairiness was seen in Ne 5, twist degree of 4.4 core-spun 
yarn. This combination also illustrates the minimum twist 
per meter.    
 
 

  



  

 
Figure 1. Tensile strength values of the core-spun yarns in terms of the yarn counts and twist degrees. 

 

 
Figure 2. Yarn hairiness per meter values of the produced yarns in terms of the yarn counts and twist degrees. 

 

Figure 3. Twist per meter for each yarn in terms of the yarn counts and twist degrees. 
 
 
CONCLUSION 
Metal part added cotton yarn production was chosen to 
improve conductive textile materials. For this purpose, 
three different yarn counts, with three different twist 
degrees were produced, and evaluated in terms of the 
tensile strength, hairiness, and electrical resistance and 
twist values.  
 
Results showed that, by doing the exact twist and yarn 
count combination, it is possible to improve conductive 
textile materials with the desired conductivity values. The 
maximum conductivity value was obtained in Ne 5, twist 
degree 4 core-spun yarn sample.  
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STATEMENT OF PURPOSE
In the last ten years there have been funded several 
projects for the development of smart textiles, e.g., in 
market sections like healthcare, interior textiles, 
automobile and protective clothing. However, up to now, 
these textiles have no application in daily use. A reaseon 
might be that most users bear a great skepticism about 
unfamiliar technologies, resulting in a low acceptance [1]. 
Beside the technological and strategic barriers (Figure 1),
the awareness and acceptance of the ease of product use 
and knowledge are the most important issues for the 
practical implementation. To bridge these acceptance 
barriers there is a need for interdisciplinary research 
between the engineering sciences and the humanities.

Technology

Society & 
Economy

Strategy

Figure 1: Barriers for the progress in intelligent textiles. [1]

INTRODUCTION

Smart Textiles describes a huge field of functionalized 
texiles and materials. Commonly, smart textiles are 
defined as intelligent materials and systems that are 
capable to sense and respond to their surrounding 
environment in a predictable and useful manner [2]. 
Smart textiles fulfill different functions; they can be 
classified as sensing, actuating and adapting [3]. The 
functions may be in form of an additional electronic 
component or part of the textile structure. Three 
integration levels of electronic components and circuits
can be distinguished (Figure 2): textile-adapted, textile-
integrated and textile-based. First, smart textiles can be 
adapted for special clothing accessories such as electronic 
devices, e.g., mp3-players. Secondly, electronic elements 
can complement the textile itself, e.g., metal push-buttons 
for optional removing. Lastly, electronic elements can be 
integrated in the textile structure itself, e.g., with electro 
conductive or silver-coated multifilament yarns.

Figure 2: Levels of integration of electronic components [4]

RELATED RESEARCH

A lot of research projects regarding smart textiles 
concentrate on the development of textile-based sensors 
and actuators which can be bonded to a wearable system 
for protective clothing or medical textiles. Currently, in 
the field of medical applications there are a number of 
projects funded by the European Commission (EC) that 
work on the improvement of health monitoring based on 
smart textiles. The development of textile-embedded 
sensors for measuring physiological parameters is 
research subject of several projects (WEALTHY [5], My 
heart [6], STELLA [7] and OFSETH [8]) and arrives in 
the combination of sensed signals (PROETEX [9]). 
However, the products have not yet reached market 
maturity. Most of the above mentioned products are still 
in the prototyping phase. The main reason that smart 
textiles are not available on the market is that the products 
are not accepted sufficently from the broad mass or 
consumers [1]. Especially from a social perspective, the 
question is which acceptability factors prevent the 
establishing of smart products. The lack of acceptance 
makes it difficult to use smart products in our daily life in 
medical context and work protection fields, e.g., in 
ambient assisted living or for rough fire fighting 
tasks [10]. 

APPROACH

In an interdisciplinary cooperation between engineers of 
smart textiles from the Institut für Textiltechnik (ITA) and 
social scientists from the Human-Computer Interaction 
Center (HCIC) the acceptability of a smart medical 
application is investigated, exemplary. In the study, a 
textile integrated sensor shirt, the UMIC Healthnet Shirt,
was used as an example (see Figure 3). In the shirt, textile 
sensors produced out of silver-coated polyamide yarn has 
been used. It was knitted with spandex to make it 
stretchable. Three textile electrodes were applied to the 
inside of the shirt as ECG electrodes. One end was 
stitched with a conductive yarn to the electrode and the 
other end had a metal push button for interconnection to 
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the measurement electronic elements. For the 
measurement of the ECG signals, the shirt was connected 
with the electronic hardware device. From that hardware 
device, the signals were sent to a PDA where they can be 
analyzed and stored. The PDA can be connected via 
Bluetooth with a computer to present the measurement 
signals.  

 
Figure 3: UMIC Healthnet Shirt [4] 

The HealthNet Vision describes a near-future patient-
oriented network that connects the patients with medical 
professionals. Key feature is a wireless sensor network 
that obtains the patients vital parameters, e.g., ECG, 
respiration rate, and temperature via an energy-aware, 
event-driven network.  
 

METHOD 
In order to investigate the acceptance of smart textiles, a 
qualitative study was conducted. To this end, in-depth 
interviews with probands (n=5) out of a medical 
background were carried out. The interviews took 12 to 
15 minutes. The first group (G1) consists of male athletes 
(n=3) between 22 and 29, which practice regularly sports 
in their leisure time. In the second group (G2) were 
female medical workers (n=2, medical professionals vs. 
doctor-in-training) aged between 23 and 30. The aim of 
the acceptance study is to examine which factors promote 
or inhibit the acceptance of smart textiles and how smart 
textiles are evaluated regarding various scnearios. For the 
interview, a semi-structured, problem-centered, and 
focused interview guideline was prepared by means of 
which the probands have been questioned. Content 
categories of the interview guideline are: definition of the 
term smart textile, general associations, attributed 
benefits, advantages and disadvantages, risks and 
conceivable distribution channels for smart products. 
Additionally, the groups have to comment on the UMIC 
Healthnet Shirt.  
 

RESULTS AND DISCUSSION 
Term: Both groups, G1 and G2, have used different and 
frequently changing items for their statements according 
to the investigated categories. The number of statements 
of G1 differs extremely compared to G2. G1 mentions 
items such as functionality, used technology, and 
application fields, e.g., sensors for the measurement of 
heart sounds and body fluids. Possible textiles, in which 
sensors could be incorporated, are in their opinion gloves, 
tops, belts, and blanket. Here, the appearance of smart 

textiles is secondary; G2 states that the functionality is 
more important. Possible applications of smart textiles are 
military, medicine, sports, security areas such as 
firefighters, police, public service or as equipment for 
extreme sports such as survival training and expedition.  
Benefits: G1 named particular advantage in sports, e.g., 
the comfortable monitoring of body functions. G2 saw a 
special advantage in the accessibility of smart textiles and 
decisive advantages for new therapies. Disadvantages 
could be, according to G1, disorders in training. G2 noted 
that such a technology might be high priced. Other 
possible disadvantages could be stigmatization of the 
wearer, physical limitations, lack of material properties 
and hygiene deficiencies. 
Risks: As a major risk factor, the G1 and G2 appreciate 
the users’ health and data abuse.  
Distribution channels for smart products: The number of 
statements on the G2 side was significantly three times 
higher than in G1. Pharmacies, medical supply and sports 
stores are useful distribution channels for medical smart 
products. Internet as possible channel has been rejected 
by the probands. There was a high demand for service and 
expertise offered by sales personal.  
Reactions to UMIC Healthnet Shirt: Negative reactions to 
the not hidden electronics on the shirt have been 
expressed by G1. Here one can see a higher acceptance of 
the product by G2. While G2 has evaluating the shirt as 
positive, G1 has a predominately negative up to critical 
view. Indeed, as probands from G1, they prepare 
proposals for product improvement. 
 

CONCLUSIONS AND FUTURE WORK 
The acceptance of smart textiles was investigated in a 
qualitative study. The results provide indications about 
the perception and evaluation of smart textiles in different 
contexts. Results can be used for the design of large-scale 
quantitative studies with questionnaires, e.g., for online 
surveys. Through online surveys, a larger number of 
participants can be reached and the target groups 
expanded. Interesting target groups are chronically sick 
persons as they depend on new medical applications such 
as the UMIC Healthnet Shirt. It is likely that the 
evaluation results of smart textiles by other target groups 
would differ, altogether. Furthermore, with a higher 
number of participants gender differences can be 
explored. 
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INTRODUCTION 
The cotton cultivation represents an important source of 
income for Central Asia, especially Uzbekistan, 
Turkmenistan and Xinjiang in China. Due to the arid 
climate, the cultivation of cotton completely depends on 
irrigation, so that the cotton growing areas to focus on are 
the great rivers of the region, such as the Syr Darya, Amu 
Darya and Tarim. The large-scale expansion of cotton 
cultivation along the Syr Darya and Amu Darya since the 
1960s in the former Soviet Union is the main cause for 
the drying out of the Aral Sea and large-scale soil salinity 
in the region. In Xinjiang the lower reaches of the Tarim 
is affected due to periodic drought and soil salinity. This 
situation reflects that the cotton cultivation faces 
problems because the water supply can not be 
continuously guaranteed and the salinity in some areas is 
already too high for cotton (Fig 1). 
 

 
Figure 1. Area with high salinity afer several years 
cultivation of cotton plants with irrigation 
 
In these areas the plant Apocynum Venetum (AV) is used 
for tee, medical applications and as well as fiber spending 
plant. This plant requires significantly less amount of 
water and is natural growing in the regions as well where 
the salinity is higher. 
 
Goal of this work is to investigate the possible methods 
for extraction (degumming) of the textile fibers from the 
plant and to get an Idea about their textile related 
properties.  
 
PRELIMINARY TESTS – NATURAL METHODS 
In the literature are mentioned different method for the 
degumming of the AV plants (retting) as for instance – 
pure chemical retting, microbiological retting, combined 

chemical and microbiological retting, mechanical 
separation [1,2,4].  
The application of the mechanical separation using 
combing was not successful with the available plants. 
The attempts to reduce the connection between the fibers 
and the plant stem  using long term water treatment at 
normal 20°C temperature over more than 4 weeks leads to 
building of mould, but does not improved the separation 
of the fibers from the stem. Of course these laboratory 
conditions cannot reproduce the climate and 
microbiological condition on the field where such 
methods are used in the nature. 
 
CHEMICAL METHODS 
Since the attempts to loosen the connection between the 
fibers and stem were not successful, the chemical method 
was applied. In the Patent [3] is described an approach, 
where the stemps are treated in the temperature between 
80°C and 180°C  in sodium hydroxide (NaOH) in 
concentration between 0,2 and 15%, liquid ratio between 
1:2 and 1:8. During the first set, the time was varied.  
The plan for the tests is presented on the Table 1. 
 
Table 1. Parameters of the trials – time variation 
Set Temp. °C Time NaOH Liquid 

ratio 
1 130°C 1,5h 3,3% 1:50 
2 130°C 1,5h 2% 1:50 
3 130°C 2,5h 3,3% 1:25 
4 130°C 2h 2% 1:25 
 
The higher liquid ratio was not possible in the laboratory 
conditions, since the amount of the plant material was 
very minimal and enough liquid for good wetting was 
necessary. On the Figure 2 can be recognized the fibers 
separated from the stem after the treatment with NaOH, 
which demonstrated, that the method can lead to effective 
separation of the fibers. 
 

 
Figure 2. Fibers and the plant's stem after the chemical 
threatment with NaOH. 



During the tests different plants was tested simultaneously 
– with the difference in the drying process. The plant 
drying was in this case necessary, because the plants had 
to be transported from Asian Countries to Germany. In 
the industrial conditions, this step can be skipped, if the 
plants can be threated immediately after harvesting, but 
the possibility to extract the fibers after drying process 
allows more flexibility for the selection of the time when 
the plants have to be degummed. The attempts 
demonstrated, that chemical treatment 1,5h was enough 
only for the fibers with air drying. The fibers of the oven 
dried samples were not enough loosen from the plants at 
that duration. After the 2,5h treatment all the fibers was 
separated. 
  
CONCENTRATION VARIATION 
For the estimation of the optimal concentration, the 
optimal conditions from the first set first the tests was 
selected an keept constant, and only the NaOH 
concentration was varied durint the second set. The other 
parameters are : Liquid ratio 1:25. Starting temperature 
80°C, increased up to 130°C at 6°C per minute, kept 2 
hours  and then cooled back to 80°C. The results are 
presented on the Table 2. It was found, that around 3 % 
NaOH leads to good separation of the fibers, and this was 
used for the investigation. 
 
Table 2. Results from the tests with variation of the 
NaOH concentration 
NaOH Evaluation of the extraction 
0,5% Satisfactory extraction. 

 Fibers were slightly more difficult  
to detach from plant later 

1-1,5% Normal extraction 
2-3,3% Good extraction  
5% Good extraction. Some white caustic soda  

residue left on the plant which easily spread to 
air later. 

10% Fibers seem to be strongly affected by the 
chemical. A lot of white caustic soda residue 
left on the plant. 

 
 

After the retting, the samples were washed in mild water 
and then immediately detached from stalks by hand. Fiber 
was left under standard climatic conditions for 5 day to 
dry in open beaker. The preliminary tests on the extracted 
fibers confirms the information from the literature, that 
they have similar length to the cotton fibers, are quiet 
stronger but with very low breaking elongation. 
 
 
CONCLUSIONS 
The main technological problem until know is the 
extraction of the fibers (degumming) for which chemical, 
biological and combined methods can be applied. The 
investigation of the literature and the experimental tests 
demonstrate that using chemical treatment it is possible to 
degum the fibers. As optimal condition was found the 
threatment of 2 hours, at 3% NaOH and 130°C.  
Further investigations have to find effective degumming 
method and effective technology for the next steps of the 
fiber processing.  
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STATEMENT OF PURPOSE 
This paper presents a novel experimental technique that 
combines three dimensional (3D) scanning and a 
quantitative assessment of the 3D geometric shape of 
foam cups to investigate the deformation behavior of 
foam during bra cup moulding and its relation to the 
moulding conditions. This study aims to provide an 
accurate, efficient and economical solution to measuring 
cup deformation with a plastic shot and providing a better 
understanding and more accurate modeling of the 
deformation behavior of foam to assure the quality and 
process of bra cup moulding 
 
INTRODUCTION 
The bra cup moulding process technique is seen as a 
revolutionary innovation for seamless bras in the intimate 
apparel industry.  Its market share has been growing 
rapidly [1]. Bra cup moulding is the process of creating 
more compact and dense properties, which is an 
irreversible process. During the bra cup moulding 
process, the cup shape takes effect through simultaneous 
heat-set and compression. After the process of moulding, 
the resilience of the PU elastomer will bring out the post 
moulding shrinkage of the shape in the moulded cup [2]. 

Traditionally, plastic shots are used as a quality standard 
for the visual examination of shape deformation and 
conformity in moulded foam cups. Nevertheless, it is a 
subjective approach in that the quality and deformation of 
moulded foam cups are assessed based on the experience 
of individual quality inspectors. This method fails to 
provide sufficient objective information about shape 
deformation of a foam cup and can be easily influenced 
by many external factors, such as the experience of an 
operator, consistency of technique, etc.  

Recently, 3D scanning as a technology has been 
increasingly applied in the intimate apparel industry to 
realize rapid prototyping and make it possible to acquire 
an accurate 3D geometry of brassieres [3].  A non-contact 
3D digitising apparatus is proposed in this study to 
evaluate the deformations of moulded foam cups.  This 
comprises a simple low-cost 3D desktop scanner with the 
use of its support software to capture the surface 
coordinates of cup samples, plastic shots, and mould 
heads.  The surface of the scanned cup samples are then 
constructed and rebuilt from point clouds.  The 
differences in the 3D shape between the fitting surface of 
the moulded foam cups and the plastic shots can be 

objectively quantified and an appropriate indicator for 
foam cup deformation can be acquired. Moreover, 
significant foam deformation that results from the cup 
position during scanning in relation to various moulding 
parameters can be identified. 

APPROACH 
In this study, two types of PU foam sheets with a 
thickness of 10 mm (namely, Foams I and II), which are 
commonly used for cup moulding, were sourced from a 
large bra cup moulding company.  An overview of the 
material properties is presented in Table I in which all the 
data was obtained by standard testing methods. For each 
type of foam material, a total of 12 foam cups in 3 
different sizes were prepared based on a three-level, 
three-factorial Box-Behnken design (BBD) [4]. 

TABLE I. Foam material properties used for experiments and 
corresponding test standards. 

 
A contour moulding machine (New Pads DM-021HP4-
2PR, USA) was used for cup moulding. The scanning unit 
used was a desktop 3D laser scanner (NextEngine Inc., 
USA) mounted over a tripod with ScanStudio HD PRO 
software. The scanner has a maximal accuracy and 
resolution of 0.127 mm [5]. The scanning precision can 
be influenced by surface reflectivity, edge shadows and 
environmental conditions [6]. The effects of foam cup 
positions during scanning (namely, in the bird-view and 
upward-view positions) on foam deformations are first 
examined (Figure 1).  

  
FIGURE 1. Scanning settings used in the bird-view (left) 
and upward-view (right) positions. 

Style Test standard Foam I Foam II Unit 

Density ISO845-1988 45.07 28.23 (kg/m3) 

Cell Count AS2282.5-
1999 44.3 46.2 (cells per 

 25 mm) 

Extension stress at 
8% strain (kPa) 

ISO1798-
1983 4.8 2.8  

Compression stress at 
40% strain 

ISO3386/1-
1986 4.27 2.16 (kPa) 

Hardness ASTM 
D2240-05 43.98 21.96 (°ShD) 
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In this study, the degree of foam deformation between the 
moulded foam cups and their corresponding plastic shot 
was calculated based on a reverse engineering technique, 
and statistical analysis was carried out with SPSS 19 and 
EXCEL. A paired t test was used to examine the 
deformations between the two positions during scanning. 
Through a one-way ANOVA, the effects of the 
controlling variables, including cup size, moulding 
temperature, and dwell time, on the foam deformation of 
the cup positions during scanning can be realised. 

RESULTS AND DSICUSSION 
Cup Positions 
The paired t-test is used to confirm the most effective 
foam deformation index and cup position at scanning to 
assess the quality of the foam cups. When the cup 
samples were scanned in a bird-view position, the image 
processing time could be shortened. It is also conductive 
to fewer cup deformations, leading to high accuracy of 
foam cup evaluation. Pearson’s correlation testing was 
also carried out to determine the correlations of the foam 
deformation indices between the two positions as shown 
in Figure 2. Since the foam deformation indicator of Dtip 
(2, 3) would have the highest coefficient of 0.873, it is 
suitable for further detecting foam deformation that 
results from the moulding parameters and sizes by using 
ANOVA.  

 
FIGURE 2. Correlation of foam deformation indices of the 
upward-view and bird-view positions.  
 
Moulding Conditions 
A variance analysis conducted by using SPSS shows that 
if a single factor is considered each time, the length of the 
dwell time has a remarkable impact on the differences in 
foam deformation while temperature is not significant. 
With respect to dwell time, since the p-values of Foams I 
and II are all less than the system default significant level 
of 0.05 shown in Table II, it would be reasonable enough 
to reject the null hypothesis that differences in foam 
deformation are significantly influenced by the dwell time 
of moulding. 

According to the subsequent Levene’s test and Fisher's 
pairwise comparison, it is suggested that a larger cup size 
means a greater possibility of larger differences in foam 
deformation between the two positions. For the relatively 
softer Foam II, the differences are noticeable when the 

dwell time is prolonged to 180 s. This illustrates that a 
longer dwell time would render the moulded material to 
be softer, which leads to a distinct difference. 
 
Table II. One–way ANOVA results with differences in deformation 
between the two positions given by Dtip (2, 3) as the dependent variable. 

* P<0.05 
 
CONCLUSIONS 
The results reveal that bra cup positions have a significant 
impact on the evaluation of foam deformations. The bird-
view position of the cup samples results in fewer 
deformations, leading to high accurate modelling of the 
deformation behaviour. By one-way ANOVA, dwell time 
is found as a critical parameter that affects the 
deformation differences, particularly in foam with low 
density and hardness (Foam II). Further examination is 
needed to realise the internal mechanisms of deformation 
of viscoelastic PU foam in bra cup moulding. 
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Factor Mate
rial  Sum of 

squares Df 
Mean 
squar
e 

F Sig. 

Temper
ature 

Foam 
I 

Between  82.7 2 41.4 1.24 0.35 
Within  317.1 9 35.2   

Foam 
II 

Between  11.2 2 5.6 0.07 0.93 
Within  721.6 9 80.2   

Dwell 
time 

Foam 
I 

Between 199.8 2 99.9 4.49 0.04* 
Within 200.0 9 22.2   

Foam 
II 

Between 364.2 2 182.2 4.45 0.04* 
Within 368.6 9 41.0  

http://ezinearticles.com/?expert=Gaurav_Doshi


Friction Mechanisms of Hairy Fabrics 
 

Romain Bocquet1,2, Michel Tourlonias1, Marie-Ange Bueno1, Siegfried Derler2 and René Rossi2 
1Laboratoire de Physique et Mécanique Textiles (EAC 7189 CNRS-UHA), Ecole Nationale Supérieure 

d’Ingénieurs Sud-Alsace, Université de Haute Alsace, 68093 Mulhouse, France 
2Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Protection and 

Physiology, St. Gallen, Switzerland 
Contact: michel.tourlonias@uha.fr; Speaker: romain.bocquet@uha.fr 

 
 

OBJECTIVE OF PURPOSE 
The main goal of this study is to understand 
mechanisms occuring during the friction of textile 
surfaces. The tactile feel when one’s touches a 
textile surface or the problem of cutaneous 
irritation due to the friction with such surfaces are 
common examples. 
 
INTRODUCTION 
The main characteristic of textiles surfaces comes 
from their surface hairiness. This hairiness, 
emerging from the structure, can be in the form of 
hairs or loops with different geometrical 
parameters (diameter, length, orientation of this 
structure, …). These parameters influence the 
rigidity of the hairy structure besides the intrinsic 
properties of the fibres material. The role of this 
hairiness is fundemantal in the friction behaviour of 
these kinds of  textile materials. 
 
The study is conducted by means of a reciprocating 
linear tribometer with a dead weight and concerns 
velvets. The aim is to separate mechanism occuring 
during a friction test with different sliders whose 
morphologies are different. The total friction force 
is assumed to be the combination of forces 
tangential to the surfaces which apply to the 
different sides of the slider (Ffront, Fbottom, Frear et 
Flateral): 

lateralbottomrearfronttot FFFFF +++=  
 
The sliders used present a parallelepipedic profile. 
In this work we only study the continuous part of 
the friction signal, i.e. we do not study the transient 
zone due to changes of direction. We assumed that 
lateral (Flateral) and rear side (Frear) components can 
be neglected. 
 
RESULTS AND DISCUSSION 
Firstly, we have used a slider whose front side is 
orthogonal to the rubbed surface and whose bottom 
side area is negligible. In the range of velocities 
used (5 to 20 mm.s-1) we have highlighted that the 

velocity have no influence on the deformation in 
front of the slider. 
 
Then, some trials done with parallelepipedic sliders 
whose bottom side areas are the same but whose 
front side widths are different allowed us to verify: 

( ) Awdepth
FFF

bottomfront

bottomfronttot
×σ+⋅×σ=

+=  

with   
 Ftot = total friction force, 
 σfront =  deformation stress in front of the slider, 
 depth = penetration depth of the slider into the 

hairiness, 
 w = width of the slider, 
 σbottom = stress due to the friction under the slider, 
 A = apparent contact area slider / textile surface. 
 
Obtained value of σfront is similar to the value 
determined with the slider whose front side is 
orthogonal to the rubbed surface and whose bottom 
side area is negligible. 
 
Then it is possible to separate the bottom 
component and the front component and to study 
relaxation phenomena due to visco-elastic 
behaviour of hairs under the slider. 
 
COMMENTS ABOUT THE FRICTION 
METHOD 
Otherwise, we have studied signals obtained when 
the normal force is fixed and the slider can move 
along the vertical direction and in the opposite 
case, i.eE when the vertical coordinate of the slider 
is fixed and the normal force can change during the 
friction test. We have highlighted some analogies 
and differences in the signals obtained during 
friction of velvets (Figures 1 and 2). 
 



 
Figure 1: Evolution of the normal force when the 

vertical coordinates of the slider is fixed according 
to slider displacement 

Figure 2: Evolution of the vertical coordinates of 
the slider when the normal force is fixed (dead 

weight) according to slider displacement 
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ABSTRACT 
Cellulose, a linear 1,4-β-glucan, is the structural 
component of the primary cell wall of green 
plants and therefore the most prevalent natural 
polymer with fascinating properties.[1-3] It is 
produced by nature in a rather pure fibre form in 
the seed hairs of the cotton plant. The cellulose 
from woody plants is obtained by large-
chemical digestion processes, removing the 
lignin and the hemicelluloses and leaving 
cellulose as a solid. To process cellulose in form 
of fibres it has to be dissolved, spun and 
regenerated after the spinning process. There are 
two important processes for manufacturing of 
man-made cellulosics: over 100 years old 
viscose process but also by the new NMMO 
process.[3-15] Although these processes are 
afflicted with economical, ecological as well as 
procedural disadvantages, all efforts to replace 
them with a cost-efficient and environmental 
friendly technology were unsuccessful. The new 
technology using ionic liquids (ILs) for 
dissolution of cellulose enables fibre fabrication 
in a manner very similar to both the viscose and 
the NMMO process.[16-20] Moreover ILs open up 
great potential for the utilization of regenerative 
cellulose to products with new properties, like 
woven textiles, non-wovens, films and coatings. 
Since the internal and the surface morphology 
as well as the physical properties of cellulosic 
fibres change drastically using different 
spinning techniques and processing parameters, 
the preparation and characterization of novel 
fibre materials are of great interest and have to 
be studied in detail.[3] 
In this presentation processing of cellulose to 
fibres with new properties in solution systems of 
1-Ethyl-3-methylimidazoliumacetate 

[EMIM] [OAc] and 1-Ethyl-3-methyl-
imidazoliumdiethylphosphate [EMIM] [DEP] is 
described. These investigations involve the 
production of novel cellulose/polymer blend 
fibres, endless micro- and supermicrofibres, 
highly absorbent microporous fibres for textile 
applications. Based on the results the structural 
parameters, supramolecular structures and 
physical textile properties of the manufactured 
fibres by means of ionic liquids were evaluated 
and compared. In our presentation processing of 
cellulose to highly absorbent fibres, micro-, 
supermicrofibres and cellulose/polymer blend 
fibres using ionic liquids is described. Ionic 
liquids (IL) became easily available in recent 
times, are thermally stable, non-toxic and 
environmentally friendly solvents, giving high 
flexibility for the complete process chain of 
man-made cellulosics, polyamides and 
polyacrylonitrile respectively. The resulting 
fibre property profile differs significantly 
depending on processing conditions and ILs 
chosen. A great number of possible textile 
physical fibre properties leads to numerous 
proposed applications, such as non-wovens for 
hygiene, health promoting textiles, filtration and 
separation textiles etc.  
Moreover, fabrication of homogeneous and 
inhomogeneous cellulose/polymer blends using 
ILs is presented for the first time.[3] Cellulose 
and m-Aramide respectively are miscible in 
different ratios in ILs and enable blend fibre 
fabrication at a hyperfine structural level 
employing a conventional dry-wet spinning 
technique (with air gap). 
Due to a large and variable range of targeted 
fibre properties of cellulose/polymer blends, 
extensive utilization of cellulose based fibre for 
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technical applications or as carbon fibre 
precursor could become interesting. 
 
KEYWORDS 
Cellulosic fibres, ionic liquids, endless micro- 
and supermicrofibres, cellulose/polymer blends, 
microporous fibres. 
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ABSTRACT 
Tanning Agents extracted from White Oak Barks 
were used to improve the spinnability and decrease 
the degradation characteristics of produced 
gelatin/tannin nanofibers.  Acidic solution of gelatin 
is not able to produce fine nanofiber in low injection 
rate and low needle gauge rather it forms 
nanoparticles. Result showed that by increasing the 
tannin concentration up to 1% w/w, the viscosity of 
gelatin solution increased and spinnability of gelatin 
solution improved and nanofibers with diameters 
about 50nm were produced. Using tannin 
concentration higher than 1% w/w reduced the 
spinnability leading to bead forming and formation of 
nanofiber with higher diameter. DSC result of 
produced tannin/gelatin nanofibers showed 30-40°C 
higher decomposition temperature than pure gelatin 
nanoparticle concluding that these nanofibers have 
better stability.  
 
KEYWORDS 
Gelatin, Tannin, Electrospinning, Nanofiber, 
Crosslink 
 
INTRODUCTION 
Gelatin nanofiber is considered one of the best 
replacements of collagen scaffold for cell culture 
through its biodegradation and biocompatibility. 
Production of very fine diameter nanofiber for cell 
culture is important for growth rate of cells [1]. Pure 
gelatin has bad spinnability properties and low 
stability in degradation. Addition of materials such as 
siloxane, silver nonoparticles and some polymers has 
shown improvement in spinnability of gelatin 
nanofibers [3, 4]. In other work glutaraldehyde was 
used as a crosslinking agent and produced 
nanoparticle showed better stability in biodegradation 
condition [5]. Tanning agents are able to interact with 
gelatin through hydrogen bonding thus the increase  
of the molecular mass more likely improve the 
stability of nanofibers. In this study we investigated  
the effect of tanning agents on spinnability and 
biodegradability of gelatin nanofibers. 
 
MATERIALS AND METHODS 
Materials Gelatin type B Bloom 225 was prepared 
from Sigma Aldrich. Acetic acid (99.99%), Ethyl  
 

 
acetate (99.8%), Methnol (99.8%) and deionized 
water were prepared from Merck. Tanning agents 
were extracted from white Oak Bark. 
 
Extraction of tanning agents Fresh White Oak 
Barks were collected and freeze-dried; then milled 
and sieved to form a fine powder.  100g/l Oak Bark 
powder in extraction solvent was prepared and 
sonicated for 30min at 4°C and 40kHz frequency.  
Tannins were extracted using methanol/deionized 
water (70% v/v) solution. Acetic acid was added to 
the solution (pH 3) to prevent the methanolysis of 
phenolic compounds. The mixture then centrifuged at 
2500×g for 10min at 4°C. Supernatant was removed 
and vacuum dried. Dried matter as tannin were 
collected and saved at 4°C  
 
Preparation of nanofibers Gelatin solution (10w/w) 
was prepared by dissolving the gelatin in the solvent 
system of ethyl acetate / acetic acid / water at a 
weight ratio of 3:4:2. Solution was stirred at 37°C for 
12h. Then different ratios of tannin (0.5, 1, 2, 3, 4 
%w/w) was added to gelatin solution and stirred for 
another 8h at 37°C.    Viscosity of solution was 
measured by viscometer (Brookfield, Germany) in 
10rpm at 25°C. The prepared solutions were 
electrospun at 12.5kV with injection rate of 0.15ml/h 
using syringe with 0.3 ml gauges. Electrospun 
samples were dried overnight at 37°C under vacuum. 
 
RESULT AND DISCUSSION 
The morphological structures of electrospun 
gelatin/tannin are shown in Figure1. As it has shown, 
electrospinning of pure gelatin solution lead to 
formation of beads without producing any nanofibers. 
By adding and increasing the tanning agents up to 
1%w/w, spinnability of solution improved and 
nanofiber formed and bead forming decreased.  



 
 
Figure 1: SEM photograph of gelatin/tannin 
nanofibers with different tannin ratio (0,0.5,1,2,3,4%)  
 
Result showed that in tannin concentrations higher 
than 1% w/w the diameter increases and large 
nanoparticles appear again (Figure 2), so 1% tannin 
was chosen as the optimum concentration.  
 

  
 
Figure 2: Diameter of gelatin/tannin nanofibers    
                     
FTIR spectra of gelatin/tannin nanofibers (Figure2) 
showed narrower hydroxyl peak around 3400 cm-1 
confirming the formation of hydroxyl group. Also 
Amide II and amid III peaks around 1250 cm-1  and 
1450 cm-1 showed changes related to structural 
changes possibly due to interaction of tanning agents 
with gelatin.  

 
    Figure 2: FTIR spectra of gelatin/tannin nanofibers 
 
If this happened the stability of nanofiber should be 
increased.  Thermal stability of gelatin/tannin 
nanofibers was tested by DSC. Result in Figure 3 
showed that decomposition point of nanofibers 
increased about 40°C higher than of the pure gelatin.   
    

 
 
     Figure 3: DSC result of gelatin/tannin nanofibers  
 
CONCLUSION         
This study showed that addition of tanning agent can 
improve the production of gelatin nanofibers with 
slow injection rate and low needle gauge 
electrospinning. The result is important as this 
method produced nanofiber with about 50nm 
diameter which is lower than nanofibers prepared 
with other similar method[3]. Tannins agents also 
showed increased stability possibly by forming 
hydrogen bonding with gelatins. Further solubility 
and stability tests are in process to confirm our 
findings.   
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OBJECTIVE 
Tactile simulators are devices which can make a user 
feeling the touch of programmable surfaces. In the field of 
textile, they would be very useful. On the one hand, 
because nowadays this industry exchanges a great number 
of fabric samples between object’s designers and fabrics 
producers. If they owned an effective tactile simulator, 
they could exchange numerical data instead of real 
samples, in order to program their device, which really 
simplifies matters. This could also be used by a final 
consumer to touch an object bought through the internet. 
On the second hand, it could be a tool to study how 
people touch fabrics: by changing the parameters of the 
programmable surface, and then analyzing users’ reaction, 
it is possible to determine the key parameters. The 
objective is totally different from sensorial metrology. In 
fact, the goal is not to replace the human hand by one or 
several measurement devices in order to characterize the 
tactile feeling of any surface 
 
INTRODUCTION 
The objective of this study is to simulate textile fabric 
surfaces. Fibrous material surfaces, like textiles, are 
specific because of emergent superficial fibres forming 
hairiness. Hairiness is important for the friction behavior 
of fabrics. Fabric surface is then very complex with multi-
sheet and multi-scale aspects in the range of perception of 
human hand. 
 
APPROACH 
Two different kinds of tactile effectors existing: discrete 
and continuous ones. The discrete sensors included pins 
array with a tangential [1] or a perpendicular [2] 
movement to the skin. At present, the limit is the density 
of pins (less than one per square millimeter), the 
simulation of hairiness constituted by bristles of 
approximately 20 microns in thickness is impossible. We 
used a discrete sensor STIMTAC (Figure 1) [3]. A 
metallic plate vibrates with a much higher frequency 
(40 kHz) that maximum human hand threshold (3 kHz).  
At a time t the whole plate is vibrating at the same 
magnitude (Figure 2). These vibrations are due to 
piezoelectric sensors stuck on the plate (Figure 3). In 
function to the finger position the plate is programmed to 
change the vibration magnitude. The vibration magnitude 
is a few microns maximum and the friction sensation is 
depending on the magnitude.  
 

 

Figure 1: STIMTAC. 
 

 

Figure 2: STIMTAC plate under vibration. 
 

 

Figure 3: Piezoelectric ceramics of STIMTAC. 
 
The induced vibrations create a thin air sheet between the 
finger and the plate: the sqeeze-film effect. Therefore, the 
air film acts as a lubricant and reduces the friction 
coefficient between the finger and the plate of STIMTAC. 



The control signal is designed in order to simulate velvet 
fabrics. 

The challenge is to design the control signal from 
mechanical tribological measurements and more precisely 
from friction force signal. We need to find the right 
conditions of measurement. 

RESULTS AND DISCUSSION 
Two parts are interlocked in your study: the 
measurements of the surface state of fabric and the 
psychophysics studies with human subjects. 
After a preliminary study done on human subjects, the 
different important criteria in the tactile feeling of a velvet 
have been identified: 100 % of the subjects consider there 
is a difference between both directions of finger 
movement (along and against hairiness main directions), 
80 % feel at least a transitory zone when the direction of 
movement changes and 55% find a transitory zones at 
each change of direction. Moreover, another study shows 
the simulation not has to be smooth, i.e. discrete 
information from the bristles is perceived. 
Therefore our measurement has to highlight and quantify 
these four criteria: different effects in both direction, 
transitory effects for each change of direction and the 
discrete effect due to hairiness. 
Firstly, we used a reciprocating linear tribometer with 
dead weight in normal load and velocity corresponding to 
those for human touch for fabrics [4] with a flat slider. 
The results obtained showed some of the wanted criteria: 
a different behavior in both slider directions, a non-
smooth signal and a transitory effect in only a change 
(Figure 4). 
 

 

Figure 4: Friction force relative to slider displacement for the 
flat slider and the normal load fixed by a dead weight. 
 
Secondly, we modified the tribometer in order to fix the 
slider height with the same slider. The results show no 
significant transition. 
Then because a finger is not flat but has a convex shape, 
we tried with a convex-shape slider. Only a transition is 
highlighted. 
Because a finger presents fingertips, a slider with parallel 
grooves with a spatial period and an altitude similar to 
those for fingertips has been used. 

The signal corresponding to the tangential force has all 
the wanted criteria (Figure 5). For information a 
measurement done with same slider and the dead weight 
tribometer configuration don’t give these information. 

 

 

Figure 5: Friction force relative to slider displacement for the 
grooved slider and the slider altitude fixed. 
 
 
Simulation with the tactile actuator has been done the 
results will be discussed. 
 
CONCLUSION 
This study shows the signal designed in order to simulate 
a velvet fabric need to have some criteria. In order to have 
those, a measurement with fingertips and with a fixed 
altitude of the slider is necessary. 
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OBJECTIVE 
The topic of this work is the indentation, commonly 
named as compression, of fibrous materials. This kind of 
approach is very interesting in order to characterize textile 
materials [1,2,3]. We applied this kind of mechanical 
measurements for hairy fabrics as velvets. 
 
INTRODUCTION 
As for all textile materials the loading and unloading 
behavior in indentation of textile materials of fabrics is 
different. 
Nevertheless, these materials present an elastic feature 
because, after fiber rearrangement, the successive leading-
unloading cycles are unchanged (Figure 1). Therefore, 
why there is an hysteresis? 
 

 

Figure 1: Loading-unloading curves after several 
cycles. 

 
APPROACH 
After a presentation of some specific characteristics of 
hairy fabric materials in compression/indentation, the goal 
of this work is to understand the mechanisms involved in 
the hysteresis.  
 
RESULTS AND DISCUSSION 
During the loading part, the forces occurring are due to 
the bending of fibers and to interfibers friction and 
friction between the free end of fibers and the indenter 
(flat punch).  

For unloading phases, the mechanisms are more complex 
to indentify. In fact, from different maximum load values, 
unloading curves are different but they joined together to 
be partially tangential (Figure 1). 
 

 

Figure 2: Loading-unloading curves for a velvet fabrics 
for different maximum load values. 

A decade variation of the indenter velocity has no 
significant effect on the fabric behavior during loading 
and unloading (Figure 3). 

 

 

Figure 3: Effect of indenter velocity on loading-
unloading curves. 



Nevertheless, a study of the relaxation of the material on 
the beginning of the unloading phase has been done. A 
significant relaxation exists in the first seconds. 

If energy is given to the material during relaxation with a 
rotation of the indenter, the effect of relaxation is 
amplified. 

 

 
Figure 4: Effect of rotation velocity of the indenter on the relaxation. 

 

Moreover, whatever rotation velocities (in the range 
tested) the force trends to a steady value but the relaxation 
time necessary to reach to this value is depending of 
rotation velocity (Figure 4). 
 

 

 

Figure 5: Effect of indenter material on loading-
unloading curves. 

The material of the indenter has an influence on the 
results because of different adhesion properties with 
bristles. The effect is really significant during the loading 
phase (Figure 5). 
 
CONCLUSION 
The mechanisms occurring during leanding-unloading in 
indetation/compression are due to inter-fiber friction and 
to indentation 
Les mécanismes mis en jeu lors de ces différentes 
conditions expérimentales sont liés au frottement 
interfibres et aux comportements mécaniques des 
éléments de pilosité. 
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INTRODUCTION 
As a result of the extensive use of combustible substances in 
recent years, fire hazards have become more complicated, 
which has subsequently increased the demand for better 
safety and comfort measures for firefighters. Recent surveys 
show that every year in the U.S. nearly 1,00,000 fire 
incidences occur that cause injuries to more than 70,000 
firefighters [1, 2]. Among these injured firefighters, almost 
2000 of them are affected by burn injuries when they work in 
fire hazards [3]. While the majority of such injuries are 
observed as minor, still a significant number are debilitating 
and career-ending. These injuries may also cause severe 
illnesses (e.g. heart disease and cancer) to firefighters in the 
long run [3]. One of the solution to mitigate burn injuries and 
fatalities is the use of thermal protective clothing by 
firefighters while they are on-duty inside the fire hazards. 
This is because the thermal protective clothing reduces the 
rate of heating-up of the skin in order to allow some time that 
firefighters need to react, to escape, to avoid or minimize 
burns [4, 5]. 
Thermal protective clothing is essential for firefighters to 
protect them from burn injuries; however, this type of 
clothing causes a great discomfort to firefigheters. It is 
evident that a significant amount of perspiration generates 
from firefghters’ bodies during firefighting [6] and thermal 
protective clothing is inefficient to evaporate the perspiration 
through clothing. Due to this high evaporative resistance of 
thermal protective clothing, the core body temperature (370C) 
of firefighters increases; in turn, thermoregulatory system of 
firefighters becomes impaired. As a result, thermal protective 
clothing causes heat stress on firefighters’ bodies. In this 
context, Fahy, et al. (2011) stated that every year in the U.S. 
nearly 35%-40% firefighters are affected by heat stress. 
Furthermore, depending upon the properties of textile fabrics 
used to manufacture thermal protective clothing, the degree 
of heat stress on firefighters also varies. In order to evaluate 
the physiological performance of thermal protective textile 
fabrics, there are various laboratory based testing methods 
such as evaporative resistance evaluation, Total Heat Loss 

(THL) coefficient calculation, etc. However, these tests do 
not involve human beings; consequently, the results obtained 
from these tests may not be exactly applicable in real fire 
hazard situations. Although many researchers [6, 7, 8, 9, 10] 
focused on the physiological performance of 
chemical/biological/nuclear protective clothing in controlling 
heat stress; till date, a little research has evaluated the 
physiological performance of thermal protective clothing. 
The purpose of this study is to evaluate the physiological 
performance of thermal protective clothing in controlling 
heat stress on individuals wearing the clothing.  
 
APPROACH 
In order to fulfill the above objectives, different fabric 
systems (single layer, bi-layer and multi-layer) which are 
believed to represent the current typical thermal protective 
clothing were selected in this study based on their physical 
properties (weight, thickness, etc), structures and finishing. 
Then the thermal resistance (Rct) and evaporative resistance 
(Ret) of each fabric system were measured according to 
ASTM F 1868 (Standard Test Method for Thermal and 
Evaporative Resistance of Clothing Material using a 
Sweating Hot Plate) by considering with or without air gap 
between fabric and hot plate. Three specimens were tested 
for each sample. Then the THL coefficient of each fabric 
systems was calculated from the equation given below, 
where, Qt is total heat loss, Rcf is average intrinsic thermal 
resistance of the specimen and Ref is average apparent 
intrinsic evaporative resistance of the sample. 
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Thereafter, five heat-acclimated firefighters completed three 
trials each after wearing thermal protective clothing made by 
above selected fabric systems. All testing took place in an 
environmental chamber of controlled temperature and 
relative humidity. The selected subjects walked on a 
treadmill at a certain metabolic rate. Trials were performed 
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until the subjects completed the maximum 90 min. walking, 
achieved the predetermined end point in core temperature 
(38.5°C) or heart rate (95% of age predicted maximum) or 
symptoms of fatigue, disorientation, and discomfort forced 
the subjects to discontinue or the researcher to end the test. 
The differences on physiological performances of thermal 
protective clothing made by different fabrics were 
statistically analyzed, and then the most acceptable thermal 
protective clothing for firefighters was statistically inferred. 
  
RESULTS AND DISCUSSION 
In this study, a statistical comparison between the 
physiological performances of fabric system (THL) and the 
physiological performance of the clothing made by same 
fabric system is carried out. In this case, it has been found 
that garment design, closures, fitness have greater significant 
effect on physiological performance of the clothing, and it is 
not possible to consider these parameters while measuring 
the physiological performance at fabric stage. Furthermore, 
no significance difference has been found in the initial heart 
rate of the subjects immediately after wearing different 
thermal protective clothing. However, through statistical 
analysis it has been observed that the difference between 
initial heart rates and final average heart rates of the subjects 
are significant (P<0.05), and the confidence interval of these 
differences are always positive. It seems that the final 
average heart rate is higher than the initial heart rate. The 
final average heart rate is also significantly different for 
thermal protective clothing made by different fabrics. A 
similar observation is visible in the case of core body 
temperature. It has been observed that initial core body 
temperature has no significant difference. However, the final 
core body temperature varies with respect to thermal 
protective clothing. It has been inferred that the thermal 
protective clothing comprising thicker fabrics and no/less air 
permeability increases the heart rate and core body 
temperature very rapidly, and causes the heat stress on 
firefighters’ bodies.    
  
CONCLUSIONS  
Based on the results of this study, it can be concluded that the 
vapor impermeable fabrics always cause greater heat stress 
on firefighters’ bodies. Furthermore, thicker fabrics also 
generate a great heat stress on firefighters. It is required to 
manufacture thermal protective clothing using the lighter 
weight, thinner and vapor permeable fabrics in order to 
provide comfort to firefighters. This novel clothing will 
enhance the working performance, quality of life, and safety 
of firefighters. 

FUTURE WORK 
The insight gained through this study on the key factors 
regarding physiological performance of various clothing 
systems specific to thermal hazards will be greatly helpful in 
developing new fabric systems and new textile materials. The 
developed textile material or fabric system will also help in 
the better garment design for thermal protection. In future, a 
study can also be carried out to identify the best clothing 
system catering to greatest the physiological performance 
(lower heat stress) in various thermal exposures.  
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STATEMENT OF PURPOSE 
The main objectives of this study were to assess the 
potential benefits to reactive dye fixation and consequent 
color yield in a continuous pad-dry-steam application 
method through the use of tertiary amines such as 
nicotinic acid and DABCO. 
  
INTRODUCTION 
 Reactive dyes are commonly considered as the dominant 
dye class for cellulose fibres due to their outstanding wet 
fastness properties [1]. The reaction binding forces 
between reactive dyes and cellulosic fibres differ from 
other classes of cellulosic dyes in that primary exhaustion 
on cotton begins with physical interaction between the 
dye molecule and the fibre, and is then followed by the 
formation of a covalent bond between the dye molecule 
and the cellulose polymer chain [2,3]. The presence of 
alkali in inducing the reaction between reactive dyes and 
cotton fibres is essential since it facilitates the formation 
of a cellulosate anion Cell–O-. This anion can attack the 
electron deficient carbon in the reactive dye molecule and 
initiate the dye fixation. Although the addition of alkali 
promotes the reaction between dye and cellulose, it also 
leads to a competitive hydroxide reaction in the aqueous 
environment to form hydrolyzed dye [2,4]. This 
hydrolyzed dye has no further reactivity towards cellulose 
and consequently the major problem accompanying 
reactive dyeing is the dye hydrolysis [3].  
To minimize this reactive dyes hydrolysis, workers in the 
field have investigated the possibility of using quaternised 
tertiary amine dyes. These modified dyes are designed to 
react with cellulose at high temperature in neutral medium 
and potentially mitigate against hydrolysis. [2-5].  
Quaternised tertiary amine dyes are formed from the 
reaction between tertiary amines such as trimethylamine, 
diazabicyclo-[2,2,2]-octane (DABCO), pyridine-3-
carboxylic acid (nicotinic acid), pyridine, and 
nicotinamide with monochlorotriazine dyes [2,5]. 
Although substantial work was been undertaken on the 
use of quaternised tertiary amine s-triazine dye 
derivatives for exhaust dyeing purposes, no work has 
been presented for the continuous pad-dry-steam method.  
 
APPROACH 
1. The extent of the reaction of tertiary amines 
diazabicyclo-[2,2,2]-octane (DABCO) and pyridine-3-
carboxylic acid (nicotinic acid) with a monochlorotriazine 
reactive dye and the formation of the triazinylammonium 
dye derivatives was monitored by HPLC analysis.  

2. The quaternised DABCO and nicotinic acid dye 
derivatives and unmodified dye were applied to cotton 
fabric by a padding application and a number of distinct 
analytical methods were employed to evaluate the 
optimum conditions for fixation. 
 
Dye application methods  
Method 1: woven cotton fabric was padded at 90% wet 
pick up with a solution containing 3% w/v of dye and 
Na2CO3. The padded samples were dried at 70ºC and then 
steamed at 100ºC for 10 minutes prior to soaping to 
remove the unfixed dye. Method 2: as method 1 but with 
the addition of 50g.L-1 mixed phosphate buffer to the pad 
liquor. Method 3: woven cotton sample padded at 90% 
wet pick up with a solution containing 3% w/v of dye. 
The padded samples were dried at 70ºC, padded at 90% 
wet pick up with a liquor containing sodium silicate, and 
then steamed at 130ºC for 90 seconds prior to soaping to 
remove unfixed dye. Method 4: as method 3 but with the 
addition of 50g.L-1 mixed phosphate buffer to the dye 
application pad liquor. 
 
RESULTS AND DISCUSSION 
The dyes were first applied to cotton fabrics following the 
manufacturer’s recommended application procedure 
(Method 1). The K/S value at λmax (520nm) for the 
samples dyed with the unmodified dye following this 
procedure was recorded as being the standard benchmark 
colour yield achievable with this dye. Relative increases 
and decreases in K/S with changes in alkali, dye and/or 
application method are therefore compared to this 
particular sample. 
The K/S value of the fabric dyed with unmodified dye 
(Method 1) is higher than the K/S values for both the 
quaternised amines dye derivatives (figure 1). It is 
presumed that the more reactive quaternised amine dye 
derivatives are sensitive to the drying conditions 
employed due to their increased reactivity, and may 
hydrolyze during processing prior to steaming. As a result 
premature hydrolysis of the dye, reaction with the fibre 
remains low, and subsequently K/S values of the dyeings 
are comparatively poor. The unmodified dye, due to its 
relative low reactivity, remains stable under the drying 
conditions employed.  
When comparing the K/S values of samples dyed in the 
presence of phosphate buffer in the dye application liquor 
(method 2), the quaternised nicotinic acid and DABCO 
dye derivatives produced much higher colour strength 
K/S values than the unmodified dye, thereby confirming 
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that the quaternised amine dye derivatives possess higher 
reactivity than the parent dye. Similarly, the quaternised 
nicotinic acid derivative is shown to exhibit higher 
reactivity than the quaternised DABCO derivative. This is 
in good agreements with findings from previous workers 
[1, 2, 6]. Since the addition of phosphate buffer to the dye 
application liquor is intended to buffer the pH 
environment on the fabric prior to fixation, it is proposed 
that dye hydrolysis during the drying process is reduced. 
However, the buffer also presumably alters the pH 
achieved during the fixation step, reducing the alkalinity 
on the substrate. As a consequence, both unmodified and 
quaternised amine dye derivatives exhibit reduced levels 
of fixation compared to those achieved in method 1. 
Error! Not a valid link.FIGURE 1. K/S Values for fabrics 
dyes with unmodified reactive dye, quaternized DABCO-
modified dye and quaterniaed nicotinic acid-modified dye using 
different dye application and fixation methods. 
 
 
The K/S values of the fabrics dyed with the unmodified 
dye was slightly higher than the K/S of the fabrics dyed 
with quaternised nicotinic acid and DABCO derivatives 
(Figure 1, Method 3). However, all fabrics exhibited 
lower K/S values than those obtained through method 1. It 
is probable that hydrolysis of all dye derivatives occurs 
first in the drying step prior to alkali application, then 
when brought into contact with the strongly alkaline 
conditions in the fixation liquor. Similarly to results 
reported for method 1, the original dye exhibits higher 
stability to heat and alkaline conditions, and therefore the 
K/S value of the dyeings are correspondingly higher.  
The addition of the mixed phosphate buffer to the dye 
application liquor led to an increase in the K/S values of 
all fabrics (Method 4, Figure 1). Since the addition of the 
buffer will simultaneously reduce potential hydrolysis in 
the drying process and lead to some neutralization of the 
alkali in the fixation step, these results support our 
hypothesis that all dyes are sensitive to hydrolysis in 
method 3. However, the K/S values for the dyeings 
obtained for both quaternised amine dye derivatives still 
remained lower than that for the unmodified dye, 
highlighting that under the conditions used significant 
hydrolysis of the more reactive quaternised amine dye 
derivatives occurred. 
 
CONCLUSIONS  

It can be concluded that the reactivity of 
monochlorotriazine dyes can be increased by the reaction 
between the dye and the tertiary amines nicotinic acid and 
DABCO. However, the increased reactivity also leads to 
premature hydrolysis of the dye during processing prior to 
fixation. The addition of phosphate buffer to the dye 
application liquor increases the stability of the dyes and 
reduces early hydrolysis.  
 
FUTURE WORK 
Optimization of the application procedure so as to 
establish the optimum fixation conditions and pH to 
minimize hydrolysis and maximize fixation of the 
quaternised amine dye derivatives is under way.  
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Checking yarn tension when passing through the aisles 
between the machines is a common practice in ring spin-
ning. By briefly pulling on the yarn while it slides over 
the finger, the tension is roughly checked. The key indica-
tor of an irregular behavior of a spinning position is ex-
cessive vibration on the yarn tension. Surprisingly, even 
perfectly centered rings and spindles create noticeable 
amplitudes on the yarn tension.  
 
Prior research shows that the yarn tension in the spinning 
triangle is of important impact on the ring spinning pro-
cess (1). The higher the speed of the spindle, the higher 
the tension, caused by air drag of the yarn in the balloon 
and by friction between traveler and ring. The setting of 
the spindle speed affords a compromise between produc-
tivity, yarn quality, ends down rate, and energy consump-
tion.  
 
Existing research puts the focus on calculation of the 
forces acting on the yarn and on the form of the balloon 
(2). The experimental approach to measure spinning ten-
sion has been rarely taken (3,4). The state of the art in 
yarn tension measurement is comprehensively treated in 
(5). That thesis is directed to the cabling process, which 
requires a wireless connected sensor. In ring spinning, the 
tension forces acting on the yarn are generally lower, 
which calls for a higher sensitivity of the transducer ele-
ment. Especially, any mechanical element touching the 
yarn impedes the propagation of twist and by this impacts 
the spinning process.  
 
The performance of the sensor in the frequency domain is 
the key to get true values of the spinning tension. The 
propagation speed of longitudinal shock waves in a com-
mon textile yarn is in the order of 2000 m/s (8). Any ir-
regularity in tension coming from the movement of spin-
dle and traveler propagates in less than a millisecond up 
to the spinning triangle. The sensor should therefore 
measure correctly yarn tension pulses with a rise time in 
the order of a few 100 microseconds. The transducer de-
veloped in (5) uses a bulk silicon semiconducting strain 
sensing element with excellent sensitivity, gauge factor 
155. The dynamic response is given by a frequency roll-
off 20 dB/decade at 500 Hz, barely going beyond the rota-
tional speed of the spindle. The yarn deflection angle is 
15 deg per side. Tests with this yarn deflection angle 
show inacceptable spinning conditions due to missing 
twist in the spinning triangle. None of the sensors listed in 
(5) is adequate for spinning tension.  
 
It is the target of this project to develop a measuring de-
vice to investigate the static and dynamic tension in the 

spinning triangle with a negligible impact on the spinning 
process itself.  

 
Fig. 1: New tension sensor, yarn deflection 2 x 5 Deg. 
 
First, the force to be measured is taken off the yarn by a 
pickup fixed on a guiding arm and transmitted by a damp-
ening element to the transducer cell. Second, the sensing 
cell offers is a piezo-resistive OEM pressure sensor with 
excellent stiffness and dynamic properties. Third, only 
one yarn deflecting element, the force pickup itself, im-
pacts the existing path of the yarn, to mitigate the loss of 
twist. Finally, the element touching the yarn is a roller 
aligned to the movement of the yarn surface, again to 
avoid loss of twist.  
 
The force created by the yarn under tension at the deflec-
tion point is transmitted directly to the sensing cell. The 
guiding arm for the pickup acts as a parasitic bypass for 
the force to be measured. To check the error introduced 
by this bypass, the spring-and-mass system of lever and 
pickup is tested for itself, without the supporting sensing 
cell. The bearing of the pickup is built as a leaf spring, the 



constant being 0.050 Nm/rad, established by experimental 
measurement of the resonant frequency.  
To evaluate the properties of the design including the 
transducer cell and to optimize the dampening element, a 
numerical model of this system is set up. Its data are es-
tablished by parameter identification with the experi-
mental test, by applying a shock impulse on the yarn. 
 

 
Fig. 2: Model of the sensor, by Working Model 2. 
 
The radius of the pickup is 20 mm, its mass 5 g, and the 
resonant frequency unsupported is 24.8 Hz. When sup-
ported by the sensing cell, the angle of deflection is 0.005 
rad, which results in a parasitic loss of force of 0.005 N. 
At calibrated load, 0.1 N, as force perpendicular to the 
transducer cell, this amounts to 5% of the measurand. The 
complete system is calibrated statically by a mass of 100 
g hanging free under the influence of gravity, in this case 

on a piece of yarn passing the sensor by a specified angle. 
Finally, the response on pulse load has been checked by a 
model, as given on Fig. 2. 
 

 
Fig. 3: Pulse response, model, time scale 2 ms/div 
 

 
Fig. 4: Pulse response, experimental, time scale 10 ms/div 
 
The applicability of this new sensor has been verified on 
an IMDS LabSpinner. Under otherwise identical condi-
tions, the minimum twist was αm 85, compared to αm 75 
without the sensor.  
 
Upcoming research will put the focus on the causes for 
irregularity in spinning tension, and in the interaction of 
traveler movement and yarn tension. 
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OBJECTIVE 
The paper investigates the effect of pH on the interaction 
of titania nanoparticle with cotton in the dispersion. The 
study further investigates the self cleaning activity (SCA) 
on the dyed and undyed cotton fabric and the impact of 
change of pH on the SCA. 
  
INTRODUCTION 
Titanium dioxide in the nanoform has been widely used 
for environmental photocatalysis. For application of 
titania nanoparticles on textiles, preparation of a 
dispersion which would be stable both during application 
on textile material and on storage, along with efficient 
photocatalytic activity is important.  The surface charge 
and stability of titania dispersion are pH dependent. 
However, the stability of nanoparticle dispersion changes 
significantly, depending on the pH, with the immersion of 
textile substrate. 
Self cleaning finish is generally applied and studied on 
the undyed textile substrate, as it is expected that the 
titania nanoparticle may affect the dye molecules present 
in the fiber. This research was therefore undertaken to 
systematically study the effect of pH on stability of 
nanotitania dispersion on immersion of cotton and 
subsequently, the SCA on the treated undyed and dyed 
cotton fabric. The study was also extended to investigate 
the effect of change in pH of the fabric on the SCA. We 
have developed a standard method for the assessment of 
SCA known as ‘Stain Degradation Assessment (SDA) 
method’. This method involves uniform stain application 
and measurement of stain degradation at pre-defined 
positions across the specimen. SDA method gives higher 
accuracy in measurement and reproducibility of results. 
 
APPROACH 
Titania (P25, Evonik) dispersion was prepared in DI 
water and change in zeta (ξ) potential and particle size 
(Malvern, UK) with the change in pH (1-12) and 
immersion of cotton was studied. 100% cotton, plain 
weave and bleached fabric was used.  To study the effect 
of pH on SCA, pH of the treated fabric was changed from 
1-12. Fabric was dyed using reactive dyes and 
subsequently treated with stable titania dispersion and 
SCA was studied.  SCA was assessed by SDA method, 
using standard dye stain solution of C.I. Direct Green 26 
at a concn. of 0.03%. SCA was determined in terms of % 
decrease in K/S value of the stain after UV exposure 
(Xenon Arc Lamp, Atlas).  The morphology of the titania 

particles on fabric was determined by Scanning Electron 
Microscope (FEI Quanta 200F, Netherlands).  
 
RESULTS AND DISCUSSION 
Figure 1 shows the dispersions prepared in the pH range 
of 1-12. Dispersions at acidic pH 1-4 and alkaline pH of 
8-12 were found to be highly stable. Samples at pH 6 and 
7 were not stable upon preparation. In order to understand 
the stability behaviour at different pH, the zeta potential 
of titania dispersion, only cotton and their interaction at 
different pH was measured (Figure 2). 

 Figure 1: Images showing titania nanoparticle dispersions at various pH 
 
Interaction of Cotton and Titania Nanoparticles in 
Dispersion 

 
Figure 2: Change in zeta potential of titania dispersion and cotton at 
different pH values (a) Before cotton immersion (b) Only cotton (c) 
After cotton immersion 
 
It can be seen in Fig.2 (Graph a) that the titania 
dispersions prepared at pH 1-4 have a high positive ξ 
potential of nearly 40 mV. Similarly, samples prepared at 
pH 9-12 also have high ξ potential of less than -40 mV. 
For samples at pH 5, 6, and 7, the ξ potential was between 
20 and -20 mV and became unstable (depicting iso-
electric point-IEP). Graph (b) shows the change in ξ 
potential of cotton at pH values from 1-12. It is nearly 
zero (-2.1 mV) at pH 1, thereafter it decreases gradually 
with increase in pH to -37.9 mV at pH 12. The IEP of 
cotton was found to be around pH 1. On immersion of 
cotton in titania dispersion, a shift of ξ potential was seen 



(Graph c). The ξ potential of titania dispersion prepared at 
pH 1-3 remains high in the range of 30-50 mV. The ξ 
potential changes significantly and becomes close to zero 
in the dispersions prepared at pH range of 4-9. While, ξ 
potential on titania remains high at pH > 9. The stability 
of the titania dispersion has been found to be significantly 
affected by the pH and the presence of cotton.  Thus, 
titania dispersions prepared at very low pH and very high 
pH can be applied on textile.  
 
Self Cleaning Activity: Undyed Cotton 
To study the SCA, stable dispersions prepared at pH 2, 10 
and 12 were applied on cotton. SEM images revealed the 
presence of titania on cotton. After 8h of UV exposure, 
cotton treated with titania dispersion (Figure 3) at pH 2 
showed 81% degradation of stain and those at pH 10 and 
12 showed 70% and 73%, respectively. Higher 
degradation was obtained in the case of acidic pH than at 
alkaline pH. 

 

 
Figure 3: Degree of self cleaning of titania treated samples at various pH 
values (a) pH 2 (b) pH 12 (c) pH 10 and (d) untreated 
 
Self Cleaning Activity: Effect of Change in pH   
To demonstrate the effect of change in surface pH on the 
SCA, the pH of the cotton fabric was modified from 1-12 
(Figure 4). The SCA was found to decrease with increase 
in pH as the photodegradation of stain decreased from 
80% at pH 1 to 50% at pH 12. This clearly reveals that pH 
has significant effect not only on the stability of the titania 
dispersion but also on its SCA.  

 
Figure 4: Influence of surface pH on the SCA of titania treated cotton 

. 
Self Cleaning Activity: Dyed Cotton 
Figure 5 shows SCA on the reactive dyed cotton. The 
colored stain present on the fabric got degraded 
completely, with no significant change in the colour of the 
fabric. It can be seen that the treated samples showed 25% 
R and with the subsequent 40 h of UV exposure it 
increased to 75% R, with the degradation of the surface 
green stain dye, which was as much as untreated sample. 
With these results it can be inferred that there was no 

direct and significant chemical reaction between titania 
and the reactive dye molecules. This may be because 
titania was present on the fiber surface that could not 
affect the reactive dye molecules present within the fiber. 
However, the stain was also present on the fiber surface 
therefore, the interaction between the stain and titania is 
established and consequently, degradation of the stain 
occurred.  

 
Figure 5: Change in % R spectra of untreated and treated dyed cotton 
with subsequent UV exposure (a) Untreated (b) Treated-pH2 (c) 
Treated-pH10  
 
CONCLUSIONS 
The stability of the titania dispersion has been found to be 
significantly affected by the pH. The titania dispersions 
were found to be stable in the presence of cotton only at 
pH ≤ 2 and ≥ 9. The SCA of titania on cotton fabric also 
showed an influence of the pH. Insignificant effect of the 
titania nanoparticle on the reactive dyed fabric was 
investigated. Such findings may be useful to explore the 
commercial potential of titania finish on textile.  
 
FUTURE WORK 
The research work will be extended to study the influence 
of additives/dispersants, so that titania can be applied on 
textile besides at very low or high pH. Durability of the 
titania finish using binders, with no effect on the efficacy 
of the finish, shall be studied. 
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ABSTRACT 
The use of textiles in medicine is not new.  The early 
Egyptians used linen sutures to ligate blood vessels and 
close open wounds after injury.  Over the past decade, 
with the introduction of new fiber spinning technologies, 
innovative textile structures and novel approaches to 
surface modification, the use of fibers and textiles for 
healthcare applications has grown dramatically.    
 
This presentation will review two separate paradigms.  
First we will consider the traditional approach of 
designing and developing permanent implantable artificial 
biotextile prostheses, that are expected to last the lifetime 
of the patient.  Then we will discuss the more recent 
tissue engineering techniques that are used to regenerate 
living tissue, which will replace injured and diseased 
tissues and organs.  This paradigm relies on our inherent 
ability to heal and lay down viable replacement tissues.   
 
PARADIGM I 
A number of examples will illustrate how permanent 
polymeric fibers, metals and textile structures are being 
used to design replacement heart valves, stents and 
endovascular devices (see image below) that can be 
delivered by means of small catheters using minimally 
invasive techniques. 
 

 
 
Sometimes the dimensions and features of such 
prostheses need to be extended by modifying the structure 
once deployed inside the body.  We are attempting to 
evaluate by in vitro techniques the effect of such in situ 
fenestrations on the long term performance of the devices.  
Accelerated abrasion and fatigue testing is required in the 
selection of the preferred materials and structures, as well 

as evaluating the in vitro performance compared to 
existing commercial and clinically proven devices.   
 
PARADIGM II 
The new field of regenerative medicine requires porous 
resorbable scaffolds for the culture of cells, the formation 
of living tissue and eventually the engineering of 
functional organs. See requirements below.    

 
 
We have demonstrated the advantages of using a 
hierarchical multilayered textile structure as we can 
control the fabrication of the pore size distribution, the 
fiber orientation through the thickness, the fiber’s surface 
area and surface chemistry for promoting cell adhesion 
and proliferation.  A number of different plasma 
treatments and other techniques for bioactivation of the 
fiber’s surface will be presented that facilitate the culture 
of cells (such as pancreatic islets) that are normally 
difficult to grow outside the body.   
 
CONCLUSIONS 
Future directions in these two fields will be highlighted, 
with an explanation of the main driving forces towards 
innovation.  The overall conclusion will point to a 
coalescence or overlapping of these two separate 
paradigms.  In the future, we can anticipate the need to 
include a resorbable fibrous component, even as part of a 
permanent synthetic prosthesis.  The resorption process 
activates a rapid inflammatory response and starts the 
healing process, which over the long term results in a 
more completely healed and permanently functioning 
device.    
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Textile Electronics—Flexible Circuits 
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Polyelectrolytes are promising materials as gate dielectrics in organic electrochemical transistor. 
On the other side, the fiber form transistor has become one of the most interesting topics in the 
field of smart textiles. The use of PEDOT:PSS to realize a parallel wire electrochemical textile 
transistor (WECT) has been reported.  

In this study, a novel geometry pattern of WECTs has been developed. Two parallel filaments are 
twisted together like a thread. One of them is used for the gate electrode and the other is used for 
drain and source electrodes. The PEDOT:PSS is used as thin-film electrodes in the WECT. The 
ON and OFF states of transistor are realized by the redox reaction of the PEDOT film. 

PEDOT+PSS- +M+ + e-  PEDOT0 +M+PSS-    

where M+ represents metal ions transported inside the electrolyte polymer, i.e. Ca2+, Na+ and K+. 
The electron e– is transported inside the PEDOT:PSS film. The redox potential is in -0.2~-0.4 V, 
which is convenient to make a low-voltage electrochemical transistor. 

The novel pattern for the WECT in this study facilitates the process of integration of fibrous 
transistor into a weaving fabric. The advantage of our novel pattern is that the transistor may be 
realized before the integration into the textile fabric in order to make a fully textile electronic 
circuit. The originality in this research work consists in the novel geometry pattern of WECT 
which provides a wide open possibility of integration of WECT into a traditional textile fabric. 
By using this novel WECT, the flexible textile electronic circuit can be easily realized such as 
inverter, NOR-gated circuit and amplifier. This kind of WECT was inserted into a cotton fabric 
and the numerical and analog circuits were realized. The aging of WECT is also investigated in 
our study for the first time. 

A new geometry pattern makes the transistor easier to insert into textile fabric making the large-
scale production possible. The length of transistor can be up to several centimeters. The On/Off 
ratio reached up to 103. The switch time is near 15s. An inverter circuit and a NOR-gated circuit 
have been realized by wire electrochemical transistors (WECTs). 

Logical gates with more than one input are straightforward extensions of the inverter shows the 
output behavior of different input signals of a NOR-gate circuit. This NOR-gate circuit was 
simply created by connecting two WECTs in series. 

Besides the digital circuit, WECTs can also be used to realize analog circuits such as an 
amplifying ones. These circuits open up the possibility to implement sensor amplifiers, 
comparators, frequency-selective filters, oscillators, timers, feedback-control systems, etc. 
directly into textile structures. In the case of basic one-transistor amplifier, the load resistor gives 
the amplification. With a resistor of ~200kΩ, the estimated amplification is about 7.5 times for 
small input signals, provided that the input DC-level is set in order to correctly bias. 

The new twisted WECT opens a promising perspective of designing electronic circuits directly 
into textile structures. By changing the electrolyte, it would be possible to create textile sensors as 
well. In combination with other conductive yarns, the complex smart textile circuit will be 
realized in near future. 



 

R&D Needs for Advanced Fibrous Composites in Construction 

Urs Meier, Empa 

 

Natural fibers have been used in construction for thousands of years. Proofs for this assertion have 
been found e.g., in the Near East. A prominent example is adobe, a natural building material made 
from clay, water, and fibrous straw, which the builders shape into bricks dried in the sun. Adobe 
structures are extremely durable, and account for some of the oldest existing buildings in the world. 
They are nowadays in fashion again in dry regions as green home buildings. 

In comparison, modern construction industry began with the first applications of larger quantities of 
man-made fibers only in the 1980ties. An important example has been the use of short, randomly 
distributed polypropylene fibers for a restrained shrinkage cracking of concrete. 

Since 1991 ten thousands of applications throughout the world demonstrate how carbon fiber rein-
forced polymers (CFRP), which were originally developed for high-performance space- and aircraft, 
can offer major advantages for civil structures. The post-strengthening technique with CFRP con-
sumes today about a similar amount of carbon fibers like the aircraft industry. In future more and 
more tendons of long span suspension and cable stayed bridges will be made of CFRP. Several 
prototypes prove feasibility. Weak points are the shock-, fire-, and vandalism resistance near the 
bridge deck. There is an urgent need for the development of fibrous protection systems. 

Why does the market for pneumatic structures fluctuate since half a century like the stock price 
volatility? The kind of fibers used in the past is one reason. There are new requirements for such 
fibers. Could such structures also help to prevent seismic damage on existing buildings? Are adap-
tive, pneumatic wind fairings of structures in future a reality? Answers for all these questions are 
going to be sketched. 
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Biological materials often exceed the characteristics and properties of man-made ones. One 
well-known example is spider silk with superior mechanical properties such as strength and 
toughness. During 400 million years of evolution spiders became outstanding silk producers. 
In contrast to insects, such as caterpillars of the mulberry moth Bombyx mori (commonly 
known as silkworms), spiders can produce different silks—orb web spiders even up to seven 
different ones. Orb web spiders can precisely control their production and application. Most 
spider silks are used for building the web, which reflects an optimized trap for flying prey.  
 
Another example of an outstanding protein fiber is mussel byssus. Some marine species like 
the blue mussel (Mytilus galloprovencialis) are able to settle among seabed stones, pales 
and harbour walls. These mussels have successfully adapted to changes in tides, wind and 
sun. Their success is based on a unique anchorage, the mussel byssus. Byssus threads 
show unusual mechanical properties, since they resemble soft rubber at one end and rigid 
nylon at the other, and these properties are found with a seamless and gradual transition. 
We have developed biotechnological methods using bacteria as production hosts which 
produce structural proteins mimicking the natural ones. Besides the recombinant protein 
fabrication, we have developed a spinning technique to produce protein threads closely 
resembling natural ones. Importantly, we can employ the bio-inspired proteins also in other 
application forms such as hydrogels, particles, non-woven mats, foams or films.  
 
Our bio-inspired approach serves as a basis for new materials in a variety of technical and          
medical applications.  
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Computational tools, supported by experimental 
measurements, have advanced the understanding of heat 
and mass transfer through clothing layers and the 
consequences for human heat balance, comfort, and 
protection.  Human thermal physiology models treat 
bioheat transfer within the human body and exchange 
processes with the outside environment, while mimicking 
the human thermophysiological control system.  Effects 
such as vasodilation and thermogenesis (shivering) are 
included, in order to calculate skin and core temperature, 
sweating rates, respiratory heat and vapor loss, and human 
heat balance.  However, these advanced thermal 
physiology models usually incorporate simple treatments 
of clothing heat and mass transfer based on steady-state 
measurements.  Dynamic clothing behavior such as water 
vapor sorption, condensation, and wicking, has been 
included in later versions of computational thermal 
physiology models and advanced physical models.  
Studies on the effects of external wind, body movement, 
and condensation have explored the consequences of non-
steady-state clothing properties on human heat balance, 
but do not include the full range of phenomena known 
from studies of the physics of heat and mass transfer in 
textile materials.  Noticeably lacking is the incorporation 
of wetted or partially wet fabrics into many of these types 
of coupled simulations.   

Air flow, heat transfer, and mass transfer through clothing 
can be studied on different scales: (i) microscale, focusing 
on transport phenomena in the clothing material at the 
scale of individual fibers, (ii) mesoscale of a single limb 
covered by clothing material and (iii) macroscale of the 
whole human body in protective clothing. 
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Figure 1.  Microscale heat and mass transfer.

Transport through the clothing system involves diffusion 
of heat and moisture, convective airflow, and liquid water 
(sweat) capillary wicking. Hygroscopic fibers absorb 
water in vapor or liquid form and release the heat of 
sorption within the clothing. Water can condense or 

evaporate in outer layers of clothing.  Many modern 
protective clothing systems include polymeric 
membranes, which may be a microporous hydrophobic 
polymer or a very thin solid layer of a hydrophilic 
polymer.  The sorption of liquid water or vapor into the 
membrane, diffusion through the structure, and desorption 
from the other side, is complicated by the polymer’s 
concentration-dependent permeation properties. 

Nearly all transport phenomena in clothing systems are 
time-dependent.  Equilibrium does not take place within a 
matter of seconds, but may require time scales of minutes 
to hours.  Since humans rarely work at a sustained 
constant level for hours on end, the use of steady-state 
approximations to determine quantities such as total 
moisture accumulation within the clothing, or total heat 
and mass transferred through the clothing, are often 
inaccurate.  

Figure 2.  Integration of clothing models with human thermal 
physiology at the macroscale.

Current challenges for more complete models of these 
coupled phenomena include realistic analysis of static and 
dynamic contact area between clothing layers and the 
human body, the mechanics of the transfer of liquid sweat 
into the first clothing layer, and subsequent transfer into 
outer layers, the ultimate distribution of liquid sweat in 
various layers, and the consequences of that distribution 
on human thermal balance.   Advanced experimental 
techniques to characterize liquid transport in porous 
textile materials help us to understand the relationship 
between textile structure and liquid movement and 
distribution.  Clothing layer liquid content is critical for 
ancillary effects and ramifications such as 
wicking/condensation, and the subsequent steam 
formation in firefighter clothing due to wet protective 
clothing layers, or liquid effects on protective clothing 
component performance.  



The Fiber Society 
 
 
The Fiber Society is incorporated as a not-for-profit professional and scientific 
association, dedicated to the advancement of scientific knowledge pertaining to fibers, 
fiber-based products, and fibrous materials. The Society is composed of members who 
are chemists, physicists, and engineers with interests in the field of fiber science 
engineering and technology. 
 
Having developed a relationship with a small group of physicists engaged in textile 
research, Dr. K. L. Hertel, head of the Department of Physics, University of Tennessee, 
acted upon “the idea that a great deal of common benefit might accrue through a 
separate and informal get-together of these physicists having interests and problems in 
common.” On a Wednesday morning in late May 1941, seven like-minded men joined 
Hertel for the first, albeit unceremonious, meeting of the soon-to-be-named Industrial 
Fiber Society, the organization that later came to be known as The Fiber Society. 
 
In a discussion that was later characterized as “thoroughly scientific,” Dr. S. L. Gerhard 
(U. S. Rubber); Dr. W. J. Lyons (Southern Regional Laboratory); Dr. F. P. Morningstar 
(West Point Manufacturing Company); Dr. F. B. Breazeale (Enka Rayon Corporation); 
Dr. R. R. Sullivan (Physics Department, University of Tennessee); Mr. J. P. Elting 
(Kendall Mills); and Mr. J. J. Such (Kendall Mills) joined Dr. Hertel for the “worthwhile 
objective of . . . getting together for the discussion of scientific aspects of textile 
problems . . . .” True to Hertel’s vision, the small group of men spent all of that first day 
discussing in considerable detail a wide range of issues and problems related to fibers 
and yarns, instrumentation, manufacturers’ needs with regard to fiber properties, and 
other related subjects. 
 
The second day followed in the same vein, with presentations and discussions on 
contemporary issues. At the end of the 2-day meeting, those attending remarked that in 
their “joint opinion . . . the meeting was most successful and well worth the time 
expended,” and it was agreed to meet again later that same year. So concluded the first 
“Meeting of Textile Physicists,” as J. P. Elting and J. J. Such entitled their account of that 
initial gathering in May 1941.  
 
Since that inauspicious beginning, The Fiber Society has continued to embrace those 
founding concepts, striving to lead the way in an industry that is continually changing 
and evolving. Twice-yearly technical conferences are a mainstay to the Society’s 
mission. Recent conference topics include Advanced Polymer Fiber Materials Science 
and Its Applications in Novel Engineered Products; Extreme and Aesthetic Textiles; 
Fiber Science—The Next Generation; Technical Textiles from Fiber to Composites; A 
Symposium on Advanced Materials and Processes; International Symposium on Fibers, 
Fibrous Structures and Filtration; and International Symposium on New Frontiers in Fiber 
Materials Science. 
 
The Society sponsors a popular Lectureship program at selected U. S. colleges and 
universities. The goal is to acquaint faculty and students with the scientific challenges 
and opportunities in fiber science and to provide insights into current research.   
 
Once a year, the Society presents its Founder’s Award, which acknowledges 
outstanding contributions to the science and technology of fibers, fibrous materials, and 



fiber-based products. The Society’s Award for Distinguished Achievement in Fiber 
Science recognizes individuals under the age of 40 who have made significant 
contributions to the field.  
 
With its Graduate Student Paper Competition, The Fiber Society encourages student 
participation in the Society and continued study and research in the field.  
 
Ours is a truly international membership; Society members represent numerous and 
wide-ranging academic and industrial settings. Many are graduate students, just 
beginning their careers in a fast-changing discipline and industry.  
 
Membership in The Fiber Society means different things to different people. But 
everyone benefits, thanks to the broad and encompassing range of interests and 
research our members bring to the Society. Our goal is to expand, extend, and share the 
knowledge—to hold firm to Dr. Hertel’s vision. 
 
 
 
 
 
 
Website:  www.thefibersociety.org 
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	ABSTRACT
	This study is focused on the air permeability properties of tightly woven polyester microfilament fabrics. By increasing the pressure drop values on the test device it is aimed to observe the air permeability by increasing air speed. For this aim, con...
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	ABSTRACT
	Electrospinning is an unique process to produce continuous nanofibers. The most important parameters that have a great effect on nanofiber's morphologies are voltage, polymer concentration, and amount of feed rate. In the present research, the influen...
	INTRODUCTION
	Electrospinning has been widely used as a simple powerful technique to produce continues fibers in macro and nano scales. Electrospun fibers and their corresponding membranes have their own unique properties, such fine diameters, high porosities, larg...
	In the electrospinning of polymer solutions, some parameters are known to affect the physical properties of the electrospun fibers, including fiber shape, diameter, surface morphology, and porosity [1,2]. These parameters can be classified into three ...
	Current research is mainly focused on investigating some of the process parameters of electrospinning technique, which have the effect on physical properties of the electrospun fibers and applying an artificial neural network (ANN) for predication of ...
	EXPERIMENTAL
	Industrial polyacrylonitrile (PAN) from Iran Polyacryle Co. with Mw 100,000 g/mol and N,N-dimethyl formamide (DMF) from Sigma-Aldrich were used to prepare PAN solution for electrospinning. The electrospinning process was carried out by connecting a hi...
	The nanofibers morphologies were studied by scanning electron microscope (SEM), Quanta FEG 200. The diameter of the nanofibers and morphological defects were determined and investigated in MATLAB software by using image analysis and neural network alg...
	RESULTS AND DISCUSSION
	To investigate the conditions for electrospinning of PAN, four different concentrations (10, 12, 14 and 16%) were prepared and electrospun at three different feedrates (0.3, .45 and 0.6 ml/hr) and voltages (10, 12 and14 kV). SEM was used to investigat...
	Figure 1. SEM images of 36 different groups of PAN nanofibers.
	The backpropagation neural network technique is used to predicate nanofibers diameters. Backpropagation is perhaps the most utilized neural network algorithm, which gets its name from the way it handles errors to learn how to make accurate predictions...
	Figure 2. Nanofiber’s diameter distribution values for 36 different groups of PAN nanofibers.
	CONCLUSIONS
	According to the results, the neural network algorithms that were used, provides a robust correlation between the nanofibers real diameter value and predicted one. So it is possible to predict nanofiber diameter and defects by having electrospining pa...
	KEYWORDS
	Nanofiber diameters and defects, Neural Network
	REFERENCES
	[1] Theron, S.A., Zussman, E. and Yarin, A.L., Plymer, 45, 2017, 2004.
	[2] Mit-uppatham, C., Nithitanakul, M., and  Supaphol, P., Macromol. Chem. Phys., 205, 2327, 2004.
	[3] S. Ramakrishna and et al., "An Introduction to Electrospinning and Nanofibers," Singapore, World Scientific, 2005.
	[4] Helgeson, M.E. and Wagner, N.J., AIChE J., 53, 51, 2007.

	ManjeetJassal-143-Oral
	SimaHabibi-158-Oral
	Fabrication and Characterization of Chitosan-Gelatin Nanofibers
	USima HabibiU, Zahra Rezvani, Sadaf Samimi
	IslamicAzad University, Shahr-e-Rey Branch, Iran
	sima.habibi@gmail.com
	.
	INTRODUCTION
	CONCLUSION

	ZeynepAytac-193-Oral
	uyar@unam.bilkent.edu.tr; aytac@unam.bilkent.edu.tr

	KarenDeClerck(Steyaert)-127-Oral
	Blend Electrospinning of Polycaprolactone/Chitosan Nanofibres
	I. Steyaert, L. Van der Schueren, UK. De Clerck
	Fibre and Colouration Technology Research Group, Department of Textiles, Faculty of Engineering and Architecture,
	Ghent University, Ghent, Belgium
	2Tkaren.declerck@ugent.be2T; 2Tiline.steyaert@ugent.be2T
	OBJECTIVE
	The purpose of this current paper is to study blend electrospinning of polycaprolactone/chitosan mixtures using an acetic acid/formic acid solvent system. The electrospinning process and resulting blend nanofibres will be elaborated on.
	INTRODUCTION
	Nanofibrous nonwovens can be used in numerous sectors with great benefit due to their unique characteristics such as high specific surface area, small pore size and high porosity [1]. However, several high-tech applications demand material properties ...
	Blending natural and synthetic polymers may provide an excellent material for biomedical use, since good tissue compatibility and improved mechanical properties can be combined [2]. Chitosan, a natural polysaccharide, shows advantageous characteristic...
	To fully exploit the potential of nanofibres, research towards reproducible electrospinning and the use of solvents with limited toxicity is crucial. This is an even bigger challenge when polymer blends are used, seen as additional parameters have to ...
	APPROACH
	After the determination of an appropriate solvent system for the electrospinning of PCL/chitosan polymer blends, the process is analysed. The polymers, supplied by Sigma Aldrich, are dissolved together and electrospun using a standard setup. The polym...
	RESULTS AND DISCUSSION
	Solvent study
	Electrospinning trials with different PCL/chitosan solutions indicated that an acetic acid/formic acid (AA/FA) solvent system could support a stable process with reproducible results. Moreover, the toxicity of this solvent system is limited in compari...
	Although fibre formation was possible at several solvent ratios, a 3/7 AA/FA ratio provided the finest fibres while guaranteeing the stability of the electrospinning process. Therefore, the 3/7 AA/FA solvent system is used for further in-depth research.
	The electrospinning region
	A key prerequisite for obtaining reproducible electrospun samples, is the presence of a stable Taylor cone. Both the electrospinnability and the stability of the Taylor cone were investigated as a function of the polymer concentrations and are represe...
	Figure 1:  Electrospinnability of chitosan/PCL blend solutions  (3/7 AA/FA – flow rate of 0.6 ml hP-1P – tip to collector distance of 12.5 cm – applied voltage indicated)
	It is clear from this analysis that the viscosity plays a dominant role in the electrospinning process. The viscosity needs to be within a certain range. This explains the boundary conditions: the chitosan content can only be augmented significantly w...
	In addition to this first criterion, a minimum polymer concentration is necessary to ensure sufficient chain entanglement for fibre formation. None of the polymer solutions having a total polymer concentration lower than 6.6 wt% could be electrospun i...
	Fibre characterisation
	The fibre morphology of the PCL/chitosan nanofibres was mainly characterised through an analysis of the average fibre diameter. A significant decrease in fibre diameter with increasing chitosan percentage and decreasing PCL concentration is observed (...
	Figure 2: Overall decrease of average fibre diameter of polycaprolactone/chitosan blend nanofibres
	CONCLUSIONS
	Blend electrospinning of a PCL/chitosan mixture enables the production of antimicrobial biodegradable nanofibres, providing a promising material for biomedical use. An acetic acid/formic acid solvent system, having limited toxicity, resulted in reprod...
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	1- Melt Flow Index
	MFI measurement is used to analyse spinnability and determine the spinning temperature condition. As shown in Fig.1, viscosity of PES is highly increased with the incorporation of plasticizer but decreases by rising MWNT content. This observation, due...
	Fig.1 Influence of plasticizer and MWNT content on Melt Flow Index of PES (300 C – 2.16kg – g/10min)
	2- Electrical conductivity
	The influence of MWNT content on electrical conductivity of PES rods is illustrated in Fig. 2. A significant increase of 10 decades is observed between 0.75 and 1 wt.% MWNT emphasizing the path from insulating to conductive character of the material. ...
	Despite the electrical percolation in multifilament is attending to be reached at higher MWNT percentage [7], the percolation threshold on rods is a good indicator to know approximatively the MWNT content allowing to obtain a conductive multifilament ...
	Fig.2 Influence of MWNT content on electrical conductivity σ (S/m) of PES rods
	3- Mechanical properties
	The draw ratio is another important parameter for MWNT dispersion and alignment, but also for mechanical properties of multifilament yarn. Due to its high Tg, PES multifilament yarn can be slightly drawn but significant difference can be observed for ...
	Fig.3 Influence of draw ratio on Young’s Modulus (Gpa) and Elongation at break (%) on PES multifilament yarn
	CONCLUSIONS
	Melt spinning of thermostable polymers is a new challenge which requires the adaptation of new tools to a classical spinning machine. This also causes learning new techniques in order to obtain a final product of quality. The structure and high Tg of ...
	The addition of plasticizer is a good solution to help PES melt spinning by decreasing its Tg, increasing viscosity and making possible to incorporate higher MWNT content.  Plasticizer and MWNT have a significant influence on multifilament yarn proper...
	FUTURE WORK
	In the future, the incorporation of higher MWNT content in multifilament yarn and their dissolution in composites will be investigated. Moreover, other works will focus on the process of thermostable polymers by wet spinning
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	INTRODUCTION
	Since the European commission declared bio-based products as a lead market in the Lead markets initiative (LMI), the textile industry is challenged to make a radical shift that involves an increased use of renewable and recyclable materials as well as...
	Biopolymers for textile applications are commercially available as also biopolymer filaments [3]. The filaments are also absorbed in the markets for specific applications. The production of biopolymer is estimated to increase to 2,33 million tonnes pe...
	The biopolymers studied in this paper are biodegradable polyesters viz. polylactic acid - polyhydroxybutyrate (PLA-PHB) blends. These polymers are polymerized fully or partly from renewable resources, using environmentally friendly process routes for ...
	APPROACH
	The first step for staple fibre spinning is backward planning and establishing process parameters throughout the spinning line. To narrow down the process window with minimum expense of resources, the theory of solving inventive problems (TRIZ) was ap...
	PLA - PHB (2%) blended filaments (160 dtex/ 45 filaments) were obtained from ITCF, Denkendorf. They were textured; heat set and cut into staple fibres of 38mm. Three different methods were explored for texturing of the fibres viz. false twist texturin...
	Figure 1: Staple fibre spinning process for PLA-PHB staple fibres.
	The process parameters along the spinning process were optimised using Box-Behnken Design of experiment. The samples made were tested on STATIMAT 4U tester for their tenacity, elongation and modulus according to the DIN EN ISO 2060 norms. Evenness and...
	RESULTS AND DISCUSSION
	Figure 2 SEM Images of PLA-PHB filaments textured with a) false twist b) air-jet and c) knit de-knit texturing
	Figure 3: Thermal analysis of PLA-PHB filaments a) DSC Thermograph b) Degradation profile
	Figure 3: Effect of rotor speed and rotor diameter on a) Yarn tenacity.
	Figure 2 shows the effect of the crimp structure imparted in the filament with texturing. This crimped structure is essential for the further processing to avoid problems such as roller lapping. The air jet textured yarn is characterized by its bulky,...
	Figure 4 shows the effect of rotor spinning parameters on the properties of the PLA-PHB staple fibre yarns. With higher rotor speeds, the yarn tenacity increases while the elongation decreases. Moreover, the yarn elongation decreases at higher rotor d...
	CONCLUSIONS
	The paper provides an overview of the investigations carried out at ITA on the processing of experimental biopolymers filaments upto staple fibre yarns and narrow woven fabrics. Biopolymer filaments were successfully spun into yarns using the rotor sp...
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	INTRODUCTION
	A droplet on a fiber (of radius r) can adopt two completely different geometries. First, an axisymmetric form, known as the barrel shape (Figure 1, Top). This static configuration is well described by the Laplace equation, so that physical characteris...
	Figure 1: Barrel (Top) and clam-shell (Bottom) shapes of a droplet on a fiber at equilibirum. Side and Head-on views
	However, to the best of our knowledge, the spreading dynamics, i.e. the dynamical process which leads to the two observed static configurations, has never been studied. This is the main goal of this ongoing study. As a first step toward a better under...
	METHODOLOGY
	RESULTS AND DISCUSSION
	Figure 2 shows three successive snapshots of a droplet spreading on a fiber for CRL-F R= 0.9 (left side) and 1.1 (right side). These affinities leads respectively to a clam-shell and barrel shapes.
	Figure 2: Snapshots of spreading droplet with CRL-F R= 0.9 (left side) and 1.1 (right side)
	The dynamics of the contact angles associated to these simulations are presented in Figure 3. For CRL-F R= 0.9, both RSideR and RHead-onR remain larger than 0  which indicates partial spreading. After 5 ns, equilibrium is reached with PPRSideR =...
	Figure 3: Dynamic contact angles, RSideR and RHead-on Rfor CRL-F R= 0.9 (blue lines) and 1.1 (black lines).
	To determine the speed of the TCL, we use the G-Dyna software [6], which also yields  for the simplified version of the MKT. Figure 4 presents the data submitted to the G-Dyna software (gray symbols) and the best fits (black line), for coupling parame...
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	INTRODUCTION
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	Mechanical behavior of STF coated fabrics
	To study the effect of STF coating on the fabrics, single yarn pullout properties and elongational properties were investigated with a UTM .
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	ABSTRACT
	INTRODUCTION
	Over the past decade there has been an increased impetus for development of wearable technology in context to smart textiles. This includes material based development such as use of carbon nanotubes [1, 2], application of conductive polymers [3-5], fu...
	Although silver is a noble metal and quite resistant to corrosion from oxygen present in the atmosphere [14], it is quite susceptible to corrosion in industrial as well as indoor air containing sulfide and chloride moieties [14, 15]. Sweat from human ...
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	RESULTS AND DISCUSSION
	Figure 1 shows the effect of coating speed and viscosity of the coating fluid on the coating thickness obtained on the fibers. An increase in the coating speed for a given coating fluid increases the coating thickness. Furthermore, an increase in visc...
	Figure 1: Effect of coating speed and viscosity of fluids on the coating thickness
	Figure 2: Effect of HR2RS exposure on the reflectivity of the fibers. Reflectivity measurements were made at a wavelength of λ=555 nm which corresponds to the wavelength of maximum sensibility of the eye.
	The protective nature of the PU coatings was evaluated by subjecting the fibers to 0.5ppm of HR2RS at 25 C and 75% relative humidity in a corrosion chamber for different exposure times. To determine the extent of corrosion, the reflectivity of the fib...

	HoonJooLee-148-Oral
	Design and Material Consideration for Multifunctional
	Mass-customized Smart Sportswear: Diet-facilitating Suit
	Junghyun ParkP1P, Robert FornaroP2P, and UHoon Joo LeeUP3
	P1PDepartment of Clothing and Textiles, Pusan National University, Pusan, Republic of Korea,
	P2PDepartment of Computer Science and P3PDepartment of Textile and Apparel Technology and Management, North Carolina State University, Raleigh, NC 27695, USA
	1Thoonjoo_lee@ncsu.edu1T
	ABSTRACT

	YoungjinChae-183-Oral(R)
	DSSC Textiles with Arranged Colors
	UYoungjin ChaeU, Eunae Kim
	Yonsei University
	marinzi@naver.com; eakim@yonsei.ac.kr
	RESULTS AND DISCUSSION

	DirkHegemann-126-Oral
	Plasma Coating of Fibers: Specifics and Opportunities
	UDirk HegemannU, Martin Drabik, Barbara Hanselmann, Martin Amberg
	Empa, Swiss Federal Laboratories for Materials Science and Technology, Lerchenfeldstrasse 5, 9014 St.Gallen, Switzerland
	1TDirk.Hegemann@empa.ch1T
	OBJECTIVE
	INTRODUCTION
	APPROACH
	RESULTS AND DISCUSSION
	CONCLUSIONS
	FUTURE WORKS
	KEYWORDS
	Sputtering, Plasma polymers, Fiber coating, Adhesion
	ACKNOWLEDGMENT

	MedicalTextilesCvr
	LukasScherer-130-Oral
	ULukas J. SchererUP1P, Marek KrehelP1P, Bastien SchyrrP2P, Stéphanie PascheP2P, Rudolf HufenusP3P, René M. RossiP1
	P1PEmpa, Swiss Federal Laboratories for Materials Science
	and Technology, Laboratory for Protection and Physiology, Lerchenfeldstrasse 5, 9014 St. Gallen, Switzerland
	P2PCSEM Centre Suisse d’Electronique et Microtechnique S.A.
	P3PEmpa, Swiss Federal Laboratories for Materials Science
	and Technology, Laboratory for Advanced Fibers
	lukas.scherer@empa.ch
	Body-monitoring through an iHealth system would decrease the medical costs enormously. By implementing the body-sensors in a wearable textile, important body parameters as e.g. the electrical activity of the heart, the SpO2 or the blood perfusion can ...
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	ABSTRACT
	CONCLUSION
	The rate of the decrease of sub-bandage pressure under dynamic condition of the limb is faster as compared with static condition. There is also a significant increase in the rate of sub-bandage pressure drop with increasing speed and angular displacem...
	FUTURE WORK
	The behavior of different compression bandages, such as knitted and woven, as well as those made up of combinations of various fibers, such as PET, spandex and cotton, that are used for compression therapy, needs to be studied in dynamic mode.
	ACKNOWLEDGMENTS
	This study was supported by Council of Scientific and Industrial Research, Human Resource Development Group, New Delhi, India.
	REFERENCES
	[1] Mosti G, Mattaliano V, Polignano  R, Masina M. Compression therapy in the treatment of leg ulcers. Acta Vulnologica 2009; 7(3):1-43.

	AnjaliArora-210-Oral
	Bioactive Textiles from Ratanjot
	UAnjali AroraUP1P, Deepali RastogiP1P, Deepti GuptaP2P, M. L. GulrajaniP2
	P1PDepartment of Fabric and Apparel Science, Lady Irwin College, Delhi University, India
	P2PDepartment of Textile Technology, Indian Institute of Technology, Hauz Khas, Delhi, India
	aarora_18@yahoomail.com

	GeraldineGuex-192-Oral
	Biodegradable Fibres for Cardiac Repair
	UG GuexUP1,2P, A FrobertP3P, S CookP3P, G FortunatoP2P, E KörnerP2P, D HegemannP2P, C FouassierP1P, J ValentinP3P, T CarrelP1P, H TevaearaiP1P, MN GiraudP3
	P1PClinic of Cardiovascular Surgery, Berne, Switzerland P2PEmpa, Swiss Federal Laboratories for Materials Science and Technology, St. Gallen, Switzerland, P3PCardiology, University of Fribourg, Switzerland
	geraldine.guex@empa.ch
	INTRODUCTION
	Cardiovascular disease, and among them myocardial infarction (MI), account for the major cause auf death in industrialised countries. To date, no curative treatment after a MI is known, pharmaceutical and surgical therapies only delay progression towa...
	RESULTS AND DISCUSSION
	Homogenously distributed, parallel oriented fibres were successfully produced by electrospinning (Fig. 2a). XPS spectrum of chemical C1s environment proves the deposition of an oxygen functional hydrocarbon layer (Fig. 2b). For fibres with micron-scal...
	Echocardiographic analysis of heart function revealed a stabilisation in ejection fraction for biograft treated animals (49±11% vs. 48±8% respectively pre- and post-treatment, p=0.9). Sham operated rats however underwent a decrease in heart function, ...
	Immunofluorescent staining of progenitor cell surface markers nestin and sca1 provided evidence for stem cell recruitment to the infarcted area, possibly involved in endogenous repair mechanisms of the heart (fig 4).
	OUTLOOK
	Although a stabilised heart function was measured, the underlying mechanisms of myocardial regeneration are unknown and need to be elucidated in ongoing studies. Additionally, we aim to further optimise the fibrous substrate by improvement of architec...
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	INTRODUCTION
	MATERIALS AND METHODS
	Single-walled CNT (0.1 wt.%) and vapor-grown CNF (0.5 wt.%) were dispersed homogeneously in an epoxy resin using a combination of ultrasonication and high speed mechanical stirring at 2000 rpm. The effect of each treatment and their combination on the...
	The dispersion of CNF and CNT within epoxy matrix was characterized using Optical microscopy and phase imaging technique of Atomic Force Microscopy. Carbon/epoxy and multi-scale composites were characterized for in-plane mechanical properties in a Uni...
	RESULTS AND DISCUSSION
	Dispersion study
	It was observed from the dispersion study that a much longer dispersion route (combination of 6hr ultrasonication with 2hr mechanical stirring) was necessary to uniformly disperse 0.1% CNT as compared to the treatment required for 0.5% CNF (combinatio...
	Fig.1: Distribution of CNF (a) and CNT (b) within epoxy matrix as observed by AFM phase imaging technique.
	Mechanical Properties
	In-plane mechanical properties of carbon/epoxy and multi-scale composites are listed in Table I. It can be noticed that multi-scale composites showed considerably higher mechanical properties as compared to neat carbon/epoxy composites. Moreover, the ...
	Table I: In-plane mechanical properties of carbon/epoxy and multi-scale composites
	The improvement of mechanical properties in multi-scale composites was mainly attributed to the formation of a strong interface between carbon fiber and epoxy matrix in the presence of CNF or CNT, as can be realized from the strong adhesion between fi...
	Fig.2: Fracture surface of neat carbon/epoxy (a) and multi-scale composites:(b) CNF based and (c) CNT based.
	The strong interface originated in case of multi-scale composites due to increased residual stresses or interface pressure of nano dispersed epoxy on the surface of carbon fibers during composite curing.
	Thermal and electrical conductivity
	Thermal and electrical conductivity of CNF and CNT based multi-scale composites are listed as well as compared with neat carbon/epoxy composites in Table II.
	It can be seen from Table II that both thermal and electrical conductivity of carbon/epoxy composites improved strongly due to presence of CNF and CNT. Presence of CNF or CNT thorough out the epoxy matrix formed a conductive network leading to better ...
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	INTRODUCTION
	Electrostatic forces are ubiquitous in textile and fiber processes. While a basic principles theory behind the nature and origin of these charges has been elusive over thousands of years, fiber and textile processes have found ways to control and mani...
	Recently, Electrostatic Force Microscopy EFM has proven to be a feasible technique to quantitatively measure the magnitude of electrostatic forces and to provide spatial resolution on the location of these charges. EFM is a technique based on Scanning...
	A better understanding of electrostatic forces in fibers and textiles can provide a unique avenue to improve the productivity of the textile industry as new ways to eliminate charging of these materials can allow for higher throughput rates and more e...
	EXPERIMENTAL APPROACH
	Electrostatically charged polypropylene fibers, also known as electrets and extensively used as filtration media, served as specimens for the reported experiments. Electrostatic force microscopy was used to detect electrostatic field gradients between...
	based on Coloumbic interactions as well as capacitive behavior.  Spatial imaging of the location of the charges was also achieved by scanning the specimens along their axes and using a two-step scanning technique that allowed for the conformal probing...
	Figure 1. Schematic of the EFM experimental set-up and b. Scan profile of a fiber showing the dependence of the tip shape on the subtended angle of the profile.
	RESULTS AND CONCLUSIONS
	Electrostatic Field Gradient imaging was used to provide a spatially resolved map of the location of the charges along a polypropylene fiber. The mapping of these charges indicate a highly heterogeneous and uneven charging of the specimens as shown in...
	Figure 2. Phase contrast images indicating the magnitude of the electrostatic forces and painted over the topography of a charged fiber. A highly heterogeneous surface is observed which is a reflection of the charging and discharging mechanisms of pol...
	Several models have been developed to estimate the magnitude of the electrical charges on electrets. In this work we propose a numerical model to estimate the initial surface charge density in a hemispherical dielectric sample. P7,8
	The proposed model is found to give a good approximation when compared to experimental force gradient results.P9P A biased conductive conical tip, simplified as a discrete set of coaxial ‘charge rings’, provides an equipotential surface model of the c...
	Local σS and ke estimations could have a great impact on studies of charge storage efficiency and dynamics of charged dielectric fibers (electrets), electrostatic coatings and optimization of lithographic tools based on EFM techniques.
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	INTRODUCTION
	One promising way to obtain multifunctional fiber materials can be achieved by the introduction of nanoparticle fillers exhibiting specific properties. Titania (TiOR2R) nanoparticles have the potential to improve both UV resistance and antistatic prop...
	In contrast to textile coating processes, where abrasion resistance and washing fastness are the main challenges to obtain functional durability, our investigations target the incorporation of novel doped TiOR2R nanoparticles into polyester (PET) fibe...
	The introduction of nanofillers into polymers is a challenging task. To enable further processing steps like melt spinning or injection moulding, masterbatches exhibiting a high dispersion of the filler and a minimal degradation of the polymer matrix ...
	RESULTS AND DISCUSSION
	Dispersion of TiOR2R particles within PET was mostly enhanced by the use of dispersing agents and appropriate use of dispersive mixing and kneading elements used for the screw build-up. Secondary benefits derived from optimization of the screw rotatio...
	Figure 2:  Dispersion of TiOR2R particles within PET masterbatches using same extrusion parameters (TEM, cryo cutted granules): a) 90%  PET / 10 % TiOR2R b) 85 % PET / 10 %TiOR2R / 5% dispersing agent.
	temperature profile and throughput only had marginal effects. Without dispersing agents, large agglomerates (10 - 50 μm) are found, whereas the use of dispersing agents depicts particles only in the submicron range (Fig. 2).
	Rheological properties of the masterbatches are highly influenced by the introduction of the nanoparticles. A large decrease of the complex viscosity and a change of flow properties are found (Fig.3). For pure melt extruded PET as well as for the 10 %...
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	Photocatalysis, TiOR2R, melt extrusion, fiber melt spinning, dispersion.
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	INTRODUCTION
	APPROACH
	The heterocyclic aramid spinning dope were made via low-temperature copolycondensation from p-phenylene diamine(PPDA), terephthalyl Chloride(TPC) and 5(6)-amino-2-(4-amino-phenyl) benzimidazole (DAPBI) in DMAc/CaClR2R . The inherent viscosity of the p...
	TGA-DTA/MS experiments were carried out in STA449C thermogravimetric analyzer (Netzsch, Germany) coupled to a mass spectrometer (ThermoStarTM, Balzers Instruments, Liechstenstein.
	RESULTS AND DISCUSSION
	CONCLUSIONS
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	INTRODUCTION
	The needlepunched nonwoven materials are prepared by mechanical interlocking of a plurality of layered sheet of fibers using a set of barbed needles. They are used in many products designed for numerous applications including fibrous composites for ci...
	In this work, a series of needlepunched nonwovens was prepared by using viscose fibers and the orientation of the fibers was measured by using image analysis technique. The fibre orientation distributions were compared with a a mathematical model of f...
	MATERIALS AND METHODS
	This work utilized viscose staple fibers of 44 mm cut length and 1.5 denier linear density. It employed opening, roller carding, cross-lapping, and needlepunching technology to prepare needlepunched nonwovens. While preparing nonwovens, a small propor...
	The orientation of fibers in these nonwovens was evaluated as mentioned hereunder. The nonwovens were immersed in a liquid solution (methyl-silicate) that has the same refractive index as that of the fibres (viscose). When these nonwovens were examine...
	The aforesaid nonwovens were also tested for their tensile strength along the machine direction and the cross-machine directions by using Instron Universal Tester in accordance with ASTM D5034-99 standard [3]. The gauge length was kept at 75 mm and th...
	RESULTS AND DISCUSSION
	As stated above, the frequency distribution of fiber orientation in the nonwovens was determined and the histogram of fiber orientation was obtained. The histograms of fibre orientation were compared with the following theoretical expression
	where f(() denotes the probability density function of orientation of fibers inclined at angle ( taken from the cross-machine direction of the nonwovens, ( refers to a parameter characterizing the anisotropy of fiber orientation, and ( indicates the p...
	As stated earlier, these nonwovens were also tested for their tensile strength. When the tensile strength in the cross-machine direction was divided by that in the machine direction, the anisotropy in tensile strength of the nonwovens was obtained. Th...
	CONCLUSION
	In this work, the fibre orientation in needlepunched nonwoven was determined and its effect on the tensile strength of the nonwovens was examined. The fiber orientation distribution in the needlepunched nonwovens was explained in light of a mathematic...
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	Figure 1 Plot of fiber orientation histogram and corresponding probability density function of fiber orientation
	Figure 2 Plot of strength utilization coefficient as a function of fiber orientation anisotropy
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	STATEMENT OF PURPOSE/OBJECTIVE
	The objective of this presentation is to demonstrate the possibilities, advantages and limitations of AFM for the characterization of recently developed fibers [1, 2] and functional(ized) surfaces [3-5].
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	RESULTS AND DISCUSSION
	The multi-component nonwoven filters consisting of fibres exhibiting multi-modal fibre diameter distribution were characterized in terms of equivalent fibre diameter as defined below:
	where,  denotes average equivalent fibre diameter,  indicates the average fibre diameter of i-th out of n components, and  refers to relative frequency of weight of i-th out of n components.
	Air permeability of the multi-component nonwoven filters was observed to increase with increase in equivalent fibre diameter in a non-linear manner. Further, the air permeability of the multi-component nonwoven filter was found to be higher than the m...
	Figure 2 displays the results of filtration efficiency and pressure drop of multi-component and mono-component nonwoven filters as a function of equivalent fibre diameter. It can be seen that filtration efficiency and pressure drop of the multi-compon...
	Tensile strength of both multi-component and mono-component nonwoven fabrics decreased with increase in equivalent fibre diameter. While comparing tensile strength, it was observed that the mono-component filters exhibited higher tensile strength than...
	CONCLUSION
	The multi-component nonwoven filters exhibited higher air permeability than the mono-component nonwoven filters of same equivalent fibre diameter. Though the mono-component filters displayed higher filtration efficiency than the multi-component filter...
	REFERENCES
	[1] 0TClarenburg, L. A. and Werner, R. M., Aerosol Filters, Ind. Ehem. Process Design and Development 4(3), 293-299, 1965.
	[2] 0TClarenburg, L. A. and Schiereck, F. C., Aerosol filters – II Theory of the pressure drop across multi-component glass fibre filters, Chemical Engineering Science 25, 773-781, 1968
	[3] 0TSoliman, S. et al., Multiscale three-dimensional scaffolds for soft tissue engineering via multimodal Electrospinning, Acta Biomaterialia 6, 1227-1237, 2010.
	[4] 0TASTM 0TD5034-09 Standard Test Method for Breaking Strength and Elongation of Textile Fabrics (Grab Test).
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	RESEARCH OBJECTIVES
	INTRODUCTION
	RESEARCH APPROACH
	RESULTS AND DISCUSSIONS
	The ultrasonic measurements show very good correlation with fabric performance properties with an ANFIS mapping R-square value of around 0.97 in both woven and knitted fabric samples. Comparing the seven fabric structural properties ANFIS mapping aver...
	CONCLUSIONS
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	INTRODUCTION
	We describe fabrication of microfibers by using polymers and microgels as building blocks. The properties of composite fibers such as water uptake, swelling degree can be easily tuned by variation of polymer/microgel ratio. The incorporation of stimul...
	APPROACH
	We used electrospinning for the fiber fabrication, because it is an easy and elegant way to make fibers with diameters of some hundred nm. PVA was selected as the polymer for fibers, because it is well known and often used in the electrospinning proce...
	The microgels considered in this work are based on Poly (N-vinylcaprolactam) (PVCL) and acetoacetoxyethyl methacrylate (AAEM), furthermore a small amount of 2-Hydroxyethyl acrylate (HEA) is added. The microgels are synthesized by precipitation polymer...
	All syntheses, solution preparations and experiments were performed in water as the solvent. Using water instead of other solvents ensures that no complicated cleaning processes are needed for later biological or medical applications.
	The produced fibers have been analyzed by SEM, DSC, TGA, water sorption analysis and biocompatibility tests.
	RESULTS AND DISCUSSION
	Fiber fabrication Without polymer microgels will form no fibers at all. They do not have the required chain length at their surface to entangle like polymers do during the fiber formation process. To form fibers the polymer has to act as connector bet...
	Fiber morphology The fiber morphology is dependent on the microgel:polymer ratio. Pure PVA fibers are well known and have a smooth surface. In the microgel-based fibers the microgels are homogeneously distributed in the PVA matrix as shown in Figure 1...
	The inner structure of the microgel-based fibers, which is to see in Figure 1B, indicates clearly that microgels are localized not only on the fiber surface but also in the interior. This is a typical structure for a system with binodal segregation.
	Fiber crosslinking The fibers after electrospinning process are not stable in aqueous environment  due to the good water-solubility of PVA and microgels.. After immersion in water the PVA is gone and the microgel particles are lying on the surface of ...
	Fiber analysis TGA measurements were done to analyze the degree of swelling. The microgel-based fibers have a higher degree of swelling at 20 C compared to both PVA and microgels. The increase of microgel content in the fibers increases the degree of ...
	The Volume Phase Transition Temperature (VPTT) was measured by DSC. The measurements show that the microgels, even inside of the fibers, still can swell and deswell at the VPTT.
	Moisture sorption analysis was done to analyze the diffusion kinetics for absorption and desorption depending on the relative humidity at different temperatures. The water diffusion is faster in the microgel-based fibers. This is due to the hydrophili...
	CONCLUSION
	We were able to create homogenous microgel/polymer composite fibers with defined dimensions and morphology. The inner structure is identified as a polymer matrix containing microgel particles. Furthermore the electrospinning process and solution param...
	FUTURE WORK
	For the future it is planed to investigate more the biocompatibility of these microgel-based fibers. Furthermore, other fiber morphologies with microgels only in the core or only on the surface of the fibers are of interest. Additionally, one of the b...
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	INTRODUCTION
	Aramid fibre has been applied in the areas of various technical textiles. Among them, para-aramid was mostly applied as the reinforced materials. On the other hand, aramid/nylon hybrid ATY yarns have been used on the areas of the rubber reinforced com...
	EXPERIMENTAL
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	STATEMENT OF PURPOSE
	INTRODUCTION
	PCM (phase change materials) absorb, accumulate and release large amounts of energy in the form of latent heat in phase change temperature range. During the transition to the liquid state (melting point), the PCM absorbs and accumulates large amounts ...
	During the process of phase change for the possibility of accumulation, or heat dissipation corresponds the  total enthalpy H (latent heat, enthalpy of melting and solidification) (Fig. 1). The thermal conductivity is responsible for the effective ab...
	Fig. 1 Schematic of DSC heating thermogram of PCM [2]
	PCM are used both in construction, medicine, transport and they are also used in clothing and textile products [3].
	The history of textile with phase change materials began at NASA. It was used to produce suits for astronauts. This discovery inspired scientists to further research. In the '90s, scientists and companies Frisby Technologies and Outlast Technologies h...
	Commercially available vests (with PCM) or with Outlast® have the poor performance. That is the cause, why new solutions are sought.
	Currently, in studies at PCM, involving thermal manikin, are used research method which assumes that the temperature of the manikin's skin is equal to ambient temperature. It could compensate heat loss.
	For a better understanding tested PCM, other methodology of research will be apply. The manikin's mode Comfort will be used. Results obtained from both research methodologies will give a complete picture of the effectiveness of PCM.
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	INTRODUCTION
	Carbon nanotube (CNT ) reinforced composite materials are hot research issue now[1-5], but continuous SWNTs/polymer composite nano-scale fiber filaments still can not be successfully prepared by electrospinning. In this paper, continuous filaments con...
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	FIGURE 3 XPS wide-scan and CR1sR core-level spectra of untreated cotton(a and b) and C-g-PDMAEMA(c and d)
	Antibacterial Property From Table I it can be seen that C-q-PDMAEMA with different weight gain had good antibacterial property to both S. aureus and E. coli. And, bacterial inhibition rate increased with the weight gain increasing. In addition, the in...
	TABLEⅠ The anti-bacterial properties of quaternized silk
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	Plasma treatment: The samples were plasma-treated with hydrated OR2 Rand OR2R/ CHFR3  Rusing a low vacuum plasma apparatus under the following conditions: 40kHz AC power, pressure of 100mTorr, and 570V for 1-7Min..
	Results and Discussion
	Surface morphology
	Figure 1 shows typical results caused by etching the surface with OR2R plasma (A-D) as a function of the plasma time. The magnitude of the prominence and surface roughness increased with increasing plasma exposure time. An additional surface treatment...
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	INTRODUCTION
	Cyclodextrins(CDs) are produced by the enzymatic degradation of starch, and have toxicological and ecological advantages in the area of food, cosmetics, pharmaceutical and textile industries[1-3].  CDs are macrocyclic compounds comprised of glucopyran...
	Sweat and sebum secreted from the body give rise to body malodor through the metabolism of microorganisms living on the skin. Body odor is a mixture of various volatile compounds, of which 1-octen-3-one and isovaleric acid are some of the stronger com...
	In this study, the amounts of 1-octen-3-one and isovaleric acid adsorbed on cotton, nylon 66, and PET fabrics, which were either untreated or treated with β-CD, were compared. Fabric samples were soiled with 1-octen-3-one or isovaleric acid, and the r...
	EXPERIMENT
	Cotton, nylon 66, and PET fabrics were used. For finishing β-CD, the fabrics were treated using the pad-dry-cure process. The aqueous padding solution consisted of β-CD (10%w/v), 1, 2, 3, 4-butanetetracarboxylic acid (BTCA, 10%w/v) as a crosslinking a...
	The Moisture regains of the β-CD treated and untreated fabrics were determined by measuring the weight of the fabric samples after keeping at 20 C and 65% RH for 2 days and after drying at 110 C for 2 hrs.
	Isovaleric acid and 1-octen-3-one were used as volatile organic compounds. Fabric samples were cut into 5cm x10 cm to compare the amounts adsorbed for 24 hrs between the untreated and the β-CD treated fabrics. Each of a 200μL aliquot of volatile compo...
	GC-MS analysis was carried out on a gas-chromatograph CP-3800 (Varian, USA) equipped with a quadrupole spectrometer detector 1200L (Varian). Analysis was performed on capillary columns (DB-5ms, 30m x 0.32mm x 0.25μm) with helium as the carrier gas, an...
	RESULTS AND DISCUSSION
	The regain of the cotton fabric decreased with the β-CD finish. In contrast, the regain of nylon 66 and  PET fabrics was increased with that of PET fabrics increasing the most. This result was attributed to β-CD having a  toroidal shape with a hydroph...
	TABLE 1. Characteristics of the β-CD finished fabrics
	The amount of 1-octen-3-one and isovaleric acid adsorbed onto fabrics, which were suspended for 24hrs in the closed glass cabinet laying a 200μL of each compound, were extremely small amounts, even though the odor from the fabrics could be recognized....
	Residual amounts of 1-octen-3-one or isovaleric acid on the fabrics, which had been spotted evenly with 100μL and exposed to air for 24 hrs, were measured. Among the β-CD unfinished fabrics, cotton contained the highest amount of 1-octen-3-one and iso...
	Isovaleric acid was not detected on the laundered fabrics, but 1-octen-3-one was left on all the fabrics. Isovaleric acid is more polar and more easily removed easily than 1-octen-3-one. As the fabrics were finished with β-CD, less 1-octen-3-one was r...
	β-CD finished fabrics did not always reserve more volatile aliphatic compounds in this study, though β-CD finished cotton fabric retains more aromatic oil than  untreated  cotton fabric[7]. This difference came from the enclosed materials in the inner...
	Figure 1. Amounts of volatile compounds adsorbed on the fabrics for 24 hours in a closed cabinet.
	Figure 2. Residual amounts of volatile compounds on the fabrics, which had been soiled with the compounds after being left in the open air for 24 hours.
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	OBJECTIVE
	INTRODUCTION
	Electrospinning is a method that composite and polymeric fibers obtained using this method, can reach nano-scale dimension. In construction and aerospace industry, epoxy-based composite materials are being used as structural components because of some...
	Polyvinyl butyral (PVB) polymers have been extensively used for many applications because of advantages such as low-cost alternative, strong binding, flexibility, optical clarity, adhesion to many surfaces to polymers [6].
	APPROACH
	In needle system, the polymer solution is taken in a capillary and high voltage supplier is connected to generate an electric field between the tip of the capillary and a grounded collector. The polymer solution droplet is held at the tip of the capil...
	Optimum process parameters of the needle electrospinning which were determined previous experimental works were applied during the spinning process (Table I).
	RESULTS AND DISCUSSION
	PVB/epoxy nanofibers were spun at various epoxy concentrations such as 0-5-10-15 wt. %. From the fiber morphology analysis, 5 wt. % epoxy concentration was chosen for all solutions because of good fiber morphology. When the well dissolved solutions we...
	FIGURE 2. Photographs of PVB/epoxy/MWCNT nano composite surface (a) 0- (b) 0.25- (c) 0.5-     (d) 0.75- (e) 1 wt. % MWCNT.
	SEM images of these nano surfaces are given in Figure 3.
	FIGURE 3. SEM images of the PVB/epoxy/MWCNT nano composite fibers (x3.000) (a) 0.25- (b) 0.5- (c) 0.75- (d) 1 wt. % MWCNT.
	Beads are the important fiber defect of needle electrospinning. According to the Figure 3, it was obtained those uniform and beads-free nano composite fibers via needle electrospinning method. Average fiber diameter values of PVB/epoxy/MWCNT nanofiber...
	TABLE II. Fiber diameter of PVB/epoxy/MWCNT
	Fiber diameter increases as the MWCNT concentration increase.
	CONCLUSIONS
	As a result, PVB/epoxy/MWCNT nano composite fibers could be fabricated successfully by needle electrospinning method. Uniform, smooth and beads-free nanofibers were obtained. It will be expected that these structures will show novel and superior mecha...
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	ABSTRACT
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	ABSTRACT
	A Human-Clothing-Environment (HCE) simulator is a representative to measure a role of the multilayered garment system. As installing a pumping system, which causes artificial flutter in clothing, on HCE, it is also able to evaluate pumping, bellow, an...
	INTRODUCTION
	APPROACH
	Based on this experiment, the research prepared and tested two types of fabrics. Table 1 explains characteristics of the sample fabrics.
	Table 1. Characteristics of the sample fabric A and B
	By using the sample fabrics and HCE installing a pumping system, the research follows an experimental protocol as shown in Figure 2.
	Figure 2. Experimental protocol
	The sample fabric is conditioned for 10 minutes, and then it is fluttered for 20 minutes. Finally, it is conditioned for 10 minutes again. In addition, the experimental conditions were as shown in Table 2.
	Table2 . Experimental conditions
	Dynamic (Pumping: switch on, Steady: switch off, Dynamic slit wet:  switch on and fabric with slit and wet
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	INTRODUCTION
	Acoustic control is necessary in some enclosed spaces like lecture halls, theatres, and administrative buildings to achieve optimum listening conditions. Similarly, noise level should be reduced in some places such as libraries, hospital rooms for com...
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	Fabric Formation
	Testing Methods
	RESULTS AND DISCUSSION
	Classic spunbonding process can produce nonwoven fabrics with a diameter of 10 – 80 μm [8]. On the other hand, spunbonding process using bicomponent technology is one of the available processes that can produce long-life nonwovens with submicron diame...
	Note that it is remarkable that the hydroentangling of a 37 islands in the sea fabric resulted in a smooth (Figure 5) porous surface. Since this property is an advantage in terms of aesthetic aspect, islands in the sea nonwovens can be an alternative ...
	CONCLUSION
	Generally, sound absorption coefficients of 37 islands in the sea nonwoven are low and under 0.2. However, their sound absorption is high in terms of their low thickness around 0.5 mm. We believe sound absorption of multi-layer islands in the sea nonw...
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	Figure 2: Different jet regimes at 0.4mm needle outer diameter and 1.0ml/h feed rate.
	Fig. 2 shows that all jet regimes in one experiment. The stable jet regime occurred at proper voltages where the jet flow rate was equal to the feed rate, the stable jet with droplets occurred at low voltages where the jet flow rate was lower than the...
	(a)                                  (b)
	(c)
	Bead−on−fiber structures were more prevalent when polymer solution was electrospun at0TP P0Thigh the applied voltage. Fiber diameter was increased with voltage (Fig. 4).
	Figure 4. Fiber diameter of various jet regimes
	Needle diameter affected jet regimes. At high needle diameter it was observed that more fluctuating jet regimes. At higher needle diameter, stability of flow rate from the needle tip is lower. More solution is suddenly moving towards to collector and ...
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	INTRODUCTION
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	APPROACH
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	Figure 1: Images of initiating of electrospinning process taken by high speed camera with special nozzle
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	INTRODUCTION
	Cotton has been the premium natural fibre for textiles and related products for many centuries. However, the fiber productivity has reached its plateau in the last decades while the demand for high quality cotton is growing. To cope with this demand, ...
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	All dyeing experiments and modification of cotton fibers with cationic agent were performed in a Mathis Labomat BFA-8 lab dyeing machine, using sealed stainless steel dye pots. A Perkin Elmer Lambda 900 double beam spectrophotometer was used to obtain...
	RESULTS AND DISCUSSIONS
	The effect of processing parameters namely concentration of dye and wetting agent, dyeing time and dyebath pH on Acid Orange 7 measurements has been extensively studied and the optimal conditions to test cotton fibers were found to be as follow: 0.2 g...
	The proposed method is intended to screen fibers containing chitin and therefore validated with cotton fibers containing increasing levels of a cationic agent. Bleached cotton fibers were treated with various (10 different) concentrations (1-40 g/L) o...
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	INTRODUCTION
	As world population and economic prosperity grow side by side, the total energy consumption is bound to increase. The present annual worldwide energy consumption is ~15 TW (terawatts) and more than 80% of this requirement is met from non-renewable sou...
	Despite achieving high power conversion efficiencies, further improvement in the photovoltaic performance has been limited because of slow electron transport in the TiOR2R nanoparticles film. It may be expected that the well-ordered and perpendicular ...
	While many fabrication methods have been and continue to be investigated, the use of electrospinning could provide a low-cost approach that is quite versatile in achieving controllable diameter and porosity for the nanowires and nanotubes. But, conven...
	EXPERIMENTAL
	The solution for electrospinning was prepared by dissolving 2 gr Polyacrylonitrile (PAN) polymer (Mw = 82,000, Sigma Aldrich) in 20 cc              N,N-dimethyl formamide (DMF). The solution loaded into a hypodermic syringe which was connected to 60 n...
	FIGURE 1. The schematic of 60 nozzles and rotating drum in electrospinning set up.
	RESULTS AND DISCUSSION
	Aligned polymeric nanofibers ribbons were produced using modified electrospinning set up and then erected to vertical nanofibers on a FTO substrate after post-treatment. By sol gel treatment of TTIP the nanofibers were coated with TiOR2R and then heat...
	FIGURE 3. The schematic of TiOR2R nanotubes on FTO substrate for making DSSC.
	CONCLUSIONS
	In summary, we have developed an effective approach for the fabrication of vertically aligned anatase TiOR2R nanotubes by electrospinning methods. To the best of our knowledge, this is the first report of anatase TiOR2R nanotubes in a vertical archite...
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	ABSTRACT
	In this work, the effects of several sewing parameters such as seam allowance and seam density on fabric stiffness have been investigated. As fabric, tencel (100 %) and tencel/linen (70/30 %) were chosen because nowadays tencel fabric is widely used i...

	INTRODUCTION
	This study aimed to investigate the effect of seam allowance and seam density on fabric stiffness. 100 % tencel and 70/30 % tencel/linen fabrics were used in the experimental study with various seam allowance and seam density values.
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	ABSTRACT
	In this study, core spun yarns (core part copper, outer part cotton) at three different yarn counts and in three different twist degrees were manufactured in a laboratory type ring spinning machine. Every yarn type contains the same size copper wire (...

	INTRODUCTION
	MATERIALS AND METHOD
	60 µ copper wire was used the core part, Ne 1 cotton cord was used for the outer layer. Laboratory type ring spinning machine was used for the production process. Tensile strength measurements were carried out in Instron 4411 instrument according to t...
	By using these materials, three different yarns counts (Ne 5, Ne 10 and Ne 15) in three different twist degrees (twist coefficients; 4, 4.4 and 4.8) were produced in the laboratory type ring spinning machine. The effects of cotton amount (insulator pa...
	RESULTS AND DISCUSSION
	The electrical resistance values of each core-spun yarns can be seen in Table 1. According to the table, at each yarn count, electrical resistance was increased up to twist degree of 4.4, then at the 4.8 twist degree it decreases. In other words the m...
	Table 1. Electrical resistance values at 20 mA, 0.03 V for each yarn counts and twist degrees.
	Tensile strength values for each core-spun yarn are illustrated in Figure 1. According to the figure, in the same twist degrees, tensile strength decreases at a certain level and reaches its minimum point in the count of Ne 10, than it starts to incre...
	Yarn hairiness (Figure 2) and yarn twist (Figure 3) per meter values were showed consistency between each other. It means, whenever yarn count increases the yarn hairiness degrees and twist increases. The maximum yarn hairiness was seen in Ne 5, twist...
	CONCLUSION
	Metal part added cotton yarn production was chosen to improve conductive textile materials. For this purpose, three different yarn counts, with three different twist degrees were produced, and evaluated in terms of the tensile strength, hairiness, and...
	Results showed that, by doing the exact twist and yarn count combination, it is possible to improve conductive textile materials with the desired conductivity values. The maximum conductivity value was obtained in Ne 5, twist degree 4 core-spun yarn s...
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	PRELIMINARY TESTS – NATURAL METHODS
	In the literature are mentioned different method for the degumming of the AV plants (retting) as for instance – pure chemical retting, microbiological retting, combined chemical and microbiological retting, mechanical separation [1,2,4].
	The application of the mechanical separation using combing was not successful with the available plants.
	The attempts to reduce the connection between the fibers and the plant stem  using long term water treatment at normal 20 C temperature over more than 4 weeks leads to building of mould, but does not improved the separation of the fibers from the stem...
	CHEMICAL METHODS
	Since the attempts to loosen the connection between the fibers and stem were not successful, the chemical method was applied. In the Patent [3] is described an approach, where the stemps are treated in the temperature between 80 C and 180 C  in sodium...
	The plan for the tests is presented on the Table 1.
	Table 1. Parameters of the trials – time variation
	The higher liquid ratio was not possible in the laboratory conditions, since the amount of the plant material was very minimal and enough liquid for good wetting was necessary. On the Figure 2 can be recognized the fibers separated from the stem after...
	Figure 2. Fibers and the plant's stem after the chemical threatment with NaOH.
	During the tests different plants was tested simultaneously – with the difference in the drying process. The plant drying was in this case necessary, because the plants had to be transported from Asian Countries to Germany. In the industrial condition...
	CONCENTRATION VARIATION
	For the estimation of the optimal concentration, the optimal conditions from the first set first the tests was selected an keept constant, and only the NaOH concentration was varied durint the second set. The other parameters are : Liquid ratio 1:25. ...
	After the retting, the samples were washed in mild water and then immediately detached from stalks by hand. Fiber was left under standard climatic conditions for 5 day to dry in open beaker. The preliminary tests on the extracted fibers confirms the i...
	CONCLUSIONS
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	APPROACH
	The induced vibrations create a thin air sheet between the finger and the plate: the sqeeze-film effect. Therefore, the air film acts as a lubricant and reduces the friction coefficient between the finger and the plate of STIMTAC.
	CONCLUSION
	This study shows the signal designed in order to simulate a velvet fabric need to have some criteria. In order to have those, a measurement with fingertips and with a fixed altitude of the slider is necessary.
	KEYWORDS

	MarieAngeBueno-221-Oral
	Compression/Indentation of Velvet Fabrics
	Brigitte Camillieri and UMarie-Ange Bueno
	Laboratoire de Physique et Mécanique Textiles (EAC 7189 CNRS-UHA), Ecole Nationale Supérieure d’Ingénieurs Sud-Alsace, Université de Haute Alsace, 68093 Mulhouse, France
	Contact: marie-ange.bueno@uha.fr; Speaker: brigitte.camillieri@uha.fr
	OBJECTIVE
	INTRODUCTION
	APPROACH
	CONCLUSION
	The mechanisms occurring during leanding-unloading in indetation/compression are due to inter-fiber friction and to indentation
	Les mécanismes mis en jeu lors de ces différentes conditions expérimentales sont liés au frottement interfibres et aux comportements mécaniques des éléments de pilosité.
	KEYWORDS

	GuowenSong(Sumit)-355-Poster
	GhadaSoliman-204-Oral
	Synthesis of Quaternised Tertiary Amine s-Triazine Reactive Dyes and Their Application
	UGhada SolimanU, Chris Carr, Muriel Rigout and Huw Owens
	STATEMENT OF PURPOSE

	UrsMeyer-172-Oral
	Yarn Tension on the Spinning Triangle
	UUrs Meyer
	texma.org Ag, Switzerland
	prof@texma.ch

	ManjeetJassall(Nidhi)-194-Oral
	OBJECTIVE
	The paper investigates the effect of pH on the interaction of titania nanoparticle with cotton in the dispersion. The study further investigates the self cleaning activity (SCA) on the dyed and undyed cotton fabric and the impact of change of pH on th...
	INTRODUCTION
	KEYWORDS
	ACKNOWLEDGMENT

	KeynotesCvr
	MartinKingKeynoteAbstract
	The Contribution of Biotextiles to Human Health
	Martin W. KingP1,2,3P, Professor of Biotextiles & Textile Technology
	P1PCollege of Textiles, North Carolina State University, Raleigh, NC, 27695-8301, USA
	P2PDépartement de Chirurgie, Hôpital Saint-François d’Assise, Université Laval, Québec, QC, Canada
	P3PCollege of Textiles, Donghua University, Songjiang District, Shanghai, 201620, China
	martin_king@ncsu.edu
	ABSTRACT
	PARADIGM I
	PARADIGM II
	CONCLUSIONS

	VladanKoncarKeynoteAbstract
	UrsMeierKeynoteAbstract
	ThomasScheibelKeynoteAbstract
	Gibson-RossiKeynoteAbstract
	Modeling of Thermal Comfort: From Microscale to Macroscale
	Phillip GibsonP1P, René RossiP2
	P1PU.S. Army Natick Soldier Research, Development, and Engineering Center, USA
	P2PLaboratory for Protection and Physiology, Empa, St. Gallen, Switzerland
	Phillip.Gibson@us.army.mil; Rene.Rossi@empa.ch

	SocietyDescription,Extended



