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� Moulding and dip coating processes
were developed for the production of
Polydimethylsiloxane (PDMS) based
polymer optical fibres (POFs).

� Mechanical and optical properties of
PDMS POFs can be tuned on-demand
by judicious selection of composition
and process parameters.

� PDMS POFs can sense loads as low as
0.1 N.

� PDMS POFs provide continuous
sensing of pressures under constant
and cyclic conditions.
g r a p h i c a l a b s t r a c t

Photonic textile sensors were designed with tailor-made, soft polymer optical fibers able to sense pres-
sure in the range of 40kPa – 350kPa
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a b s t r a c t

Polydimethylsiloxane (PDMS) based soft polymer optical fibers (POFs) have recently demonstrated their
intriguing potential for different sensing applications like strain or temperature sensing. Recent studies
have elaborated on the sensing capability of PDMS POFs, yet the in-depth analysis of the processing-
property relationship of PDMS POFs remains unexplored. A straightforward processing strategy was
developed for core only PDMS POFs and PDMS/THV (terpolymer of tetrafluoroethylene, hexafluoropropy-
lene, and vinylidene fluoride) core/clad POFs. The optimization of chemical formulations and process
parameters such as curing temperature and curing time provided the development of POFs with tailored
mechanical and optical properties. The tensile modulus of the moulded PDMS POFs could be tuned in the
range of 0.2–3.0 MPa, with attenuations as low as 0.11 dB/cm in the near infrared region (NIR).
Furthermore, the load and pressure sensing capability of the PDMS POFs was demonstrated with sensi-
tivity to loads as low as 0.1 N and highly accurate pressure sensing up to 300 kPa. The systematic
approach presented in this study enables the processing of elastic PDMS POFs with tunable mechanical
and optical properties, which can be tailored to suitable sensing applications in the field of healthcare
monitoring, biomedicine, and soft robotics.
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1. Introduction

Polymer optical fibers (POFs) are envisionned as ideal candi-
dates for applications in short-range data transmission, illumina-
tion, and sensing. In particular, POF based sensing provides an
alternative approach to electronic sensing with the advantages of
the absence of electrical noise, and shielding against electromag-
netic interference [1–3]. Optical sensors especially in the form of
wearable health monitoring devices are expected to improve and
provide better healthcare opportunities [4]. Soft and stretchable
POF based sensors provide a facile and versatile approach to contin-
uously sense a variety of physiological parameters of the human
body, such as heart rate, pressure, oxygen saturation, strain, body
movements, and breathing rate of patients in real-time [5–8]. The
POFs can be integrated into smart textiles that can act as mobile
and wearable healthcare (m-health) units for personalized health
monitoring of patients [2]. In our previous works, we have demon-
strated various POF based wearable sensors [9–12]. One of our
recent studies demonstrated the melt spinning of monofilament
urethane-siloaxne co-polymer (Geniomer) based POFs for pressure
sensing applications [12]. The textile integrated Geniomer POFs
enabled the successful measurement of the desired pressure [12].

The polymers used for the processing of POFs should satisfy
specific mechanical and optical requirements in order to be uti-
lized in the aforementioned applications. In particular, they must
exhibit high optical transparency within some wavelength range,
and have mechanical properties that combines softness with a
strength high enough to withstand the forces during the textile
integration processes. Among the potential candidates, elastomers
such as PDMS-based resins, possess high transparency in the visi-
ble and near-infrared region, and can be tailored to exhibit very
low tensile modulus [13,14] as compared to their traditional rigid
counterparts such as poly(methyl methacrylate) (PMMA) or poly-
carbonate (PC) [15]. Moreover, low refractive index fluoro-
polymers such as THV (terpolymer of tetrafluoroethylene, hexaflu-
oropropylene, and vinylidene fluoride) can be utilized as the clad-
ding material [16] in combination with PDMS core.

Thus far, however, the fabrication challenges associated with
processing and shaping thermally crosslinkable polymers remain
for a large part unresolved. Indeed, PDMS-based soft polymer
materials require specific processing approaches to realize optical
fibers due to their thermally crosslinkable nature. In particular,
the traditional POF processing methods, such as bicomponent melt
spinning [17], co-extrusion [18], and thermal drawing [19], cannot
be utilized. Moulding is one of the prominent strategies for pro-
cessing POFs from thermally crosslinkable polymer system and
could also be applied for the development of PDMS POFs [20].
However to date, few studies exist on the the moulding of ther-
mally crosslinkable PDMS POFs [15,20–22], and none have investi-
gated in depth the processing-property relationship to achieve
lower losses and better output. Flipsen et.al. demonstrated the ear-
liest study on the processing of polycarbosiloxanes based POFs
[21]. They utilized moulding of a polycarbosiloxanes formulation
in FEP (Fluorinated ethylene propylene) tubing, and in this study,
POFs were not demoulded but rather the FEP tubing was used as
a cladding [21]. Guo et al. developed stretchable PDMS based poly-
mer optical fibers for strain sensing applications [15]. They
reported flexible PDMS based optical fibers doped with dye (Rho-
damine B) for the design of human motion sensors. The fiber
enabled sensing of different motions of the human body, which
were quantified as a function of the absorbance of light by the
dye versus the strain subjected to the fiber. The undoped PDMS
fibers showed light attenuation of 0.51 dB/cm and doped fibers
depicted light loss of 3.02 dB/cm [15]. In another recent study,
Guo et al. reported the development of temperature-sensitive elas-
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tomeric POFs, which were also processed by moulding. The tem-
perature sensing function was incorporated by doping
upconverting nanoparticles (UCNPs) in the elastomer formulation
[22]. Despite these interesting developments, a comprehensive
study including processing-property relationship of PDMS POFs is
still missing, that would provide important new knowledge and
opportunities for the further development of this novel class of
elastomeric optical fibers [23]. Among the reported studies on
PDMS POFs, none of them described the effect of base to crosslin-
ker ratio and curing temperature on the processability and light
attenuation. Especially, PDMS POFs with base to crosslinker ratio
(1:1), (15:1) and (20:1) have not been reported in any study. The
optimization of the mechanical and optical properties of PDMS
POFs will allow in particular for better sensing performance and
the feasibility of faster fabrication, and upscaling for a variety of
sensory applications.

In this study, the processing-property relationship of soft POFs
via different characterization approaches has been revealed. The
effect of the chemical formulation of PDMS, curing temperature,
and crosslink density on the mechanical and optical properties of
POFs have been studied in detail. The processing parameters estab-
lished in our study have allowed us to tailor the tensile modulus of
the POFs on demand. For example, PDMS POFs with formulation
(1:1) and (20:1) provide the POFs with tensile modulus as low as
� 0.5 MPa, which is in the stiffness range of human skin. Moreover,
as also shown in this study, curing temperature applied for the pro-
cessing of PDMS POFs also holds an advantage for certain sensory
applications. For example, the formulation PDMS POFs (10:1) cured
at room temperatures, can be incorporated with various different
additives such as thermally sensitive biomolecules to develop
novel biosensors. The room temperature curing also eliminates
the use of an oven, making the moulding process environmentally
friendly from an energy point of view.

This study achieved among the lowest reported optical light
attenuation of PDMS POFs with excellent mechanical deformabil-
ity, using a controlled process. Besides core only PDMS POFs, this
work also demonstrated the development of new material combi-
nation PDMS/THV (core/clad) POFs via the dip coating process for
the first time.

Furthermore, the ability to precisely control the mechanical
properties of the soft POFs can be utilized to create exciting oppor-
tunities for the integration of soft PDMS POFs into the textiles. The
successful integration of PDMS POFs into a textile patch and the
further development of wearable pressure sensor was also shown
in this work. Finally, the effect of environmental factors on the
optical performance of the soft PDMS POFs and the real-time sens-
ing performance of the textile integrated PDMS POFs was demon-
strated in this work. The soft POFs and processing platforms
developed in this work will pave the way toward novel opportuni-
ties for sensing via smart textiles and soft robotics.
2. Experimental section

2.1. Materials and methods

The PDMS based silicone elastomer (SYLGARDTM 184, Dow�)
was used as the core material for processing of the POFs. The
fluoro-thermoplastic THV 221AZ (3MTM, DyneonTM) was used as
the cladding material for the processing of the PDMS/THV (core/-
clad) POFs. The 10 (w/v %) polymer solution of THV (terpolymer
of tetrafluoroethylene, hexafluoropropylene, and vinylidene fluo-
ride) was prepared by dissolving it in acetone. This polymer solu-
tion of THV in acetone was utilized for the dip coating of PDMS
core only POFs.

http://et.al
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The formulations with different base to crosslinker ratios were
prepared as mentioned in Table 1. A fluoroplastic tube (PTFE) of
internal diameter 1000 lm was used as the mould material.
Moulding was used as the method for the processing of PDMS
based polymer optical fibers (POFs).

The process started with the preparation of the PDMS formula-
tion in a specific ratio of base to crosslinker. For example, 10:1 for-
mulation implies 10 parts of base by weight and 1 part of
crosslinker by weight. The five different formulations, namely,
1:1, 5:1, 10:1, 15:1, 20:1, were prepared. The base and crosslinker
were weighed in a plastic beaker. The polysiloxane formulation
was mixed thoroughly, followed by centrifugation to ensure the
bubble free transparent formulation. Then, each formulation was
carefully loaded into the prepared syringe-needle system. The for-
mulations were filled in the tubular PTFE mould via attachment of
the syringe-needle system and were cured at a curing temperature
of 125 �C for 37 min (see Fig. S15 for a discussion on the rationale
for choosing these values, whereas S15 implies Fig. S15 in Support-
ing Information). After the curing step, the POFs were allowed to
cool at room temperature and were demoulded from the tubular
PTFE mould. Fig. 1a describes the schematic of the moulding
method for the processing of the core only POFs.

The PDMS core only POFs were also processed via moulding by
the variation of the curing temperature at a fixed base to crosslin-
ker ratio of 10:1. The PDMS POFs were cured at the curing temper-
atures of 23 �C, 75 �C, 125 �C, and 200 �C for 96 h, 2.5 h, 37 min, and
22 min, respectively (see Fig. S16 for details on chosing curing
parameters via rheological investigation of PDMS formulations).

The PDMS POFs (10:1) cured at 125 �C for 37 min were selected
for the dip coating process, owing to their good mechanical and
optical properties compared to the other PDMS POFs developed
in this study. The PDMS POF specimens with a length in the range
of 55–60 cm were cut for the dip coating process. The samples
were cleaned with ethanol to get rid of dust particles from the sur-
face of the PDMS POFs. The automated robotic arm dip coater
device (RDC 15 with Stepper Motor Control, Bungard Elektronik
Gmbh & Co. KG, Germany) was used for the vertical dip coating
of the POFs in the THV polymer solution. The POFs were dip coated
with a withdrawal speed of 11.3 mm/s for a dip time of 60 s in the
THV solution. These parameters were selected according to the
results from Table S3 (S3 implies Table S3 in Supporting informa-
tion), as they provided the desired THV cladding thickness. After
the dip coating process, solvent evaporation led to formation of a
thin transparent THV cladding around the PDMS core. The dip
coated PDMS/THV (core/clad) POFs were annealed in the oven at
110 �C for 20 min to ensure the complete removal of the solvent
acetone from the THV cladding. Fig. 1b describes the schematic
of the dip coating process for the development of the core/clad
(PDMS/THV) POFs.
Table 1
Processing parameters utilized for the moulding of PDMS core only POFs by changing
the base to crosslinker ratio of the PDMS elastomer.

Sample
Name

Base to Crosslinker ratio (by
weight)

Cure
Temperature (�C)

Curing
Time
(min)

PDMS POF
(1:1)

1:1 125 37

PDMS POF
(5:1)

5:1 125 37

PDMS POF
(10:1)

10:1 125 37

PDMS POF
(15:1)

15:1 125 37

PDMS POF
(20:1)

20:1 125 37
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2.2. Characterization of PDMS POFs

An optical microscope (Keyence 1000 series) was used to study
the diameter of the PDMS based POFs. The cross-section of the
moulded PDMS fiber was prepared with the help of a normal opti-
cal fiber cutter blade. The mechanical properties of the PDMS POFs
were characterized using single fiber tensile tester (Textechno Sta-
timat ME). The gauge length of each fiber specimen was 50 mm
and the test speed used was 100 mm/min. At least seven speci-
mens were tested for each sample.

Light light attenuation of the PDMS POFs was studied using the
standard cut back technique at the wavelength of 455 nm, 530 nm,
660 nm, and 810 nm. The length of each specimen for the test was
in the range of 60–70 cm and at least three specimens were tested
for each type of POF. The fiber coupled LEDs (Thorlabs, Inc.)
M455F3, M530F2, M660FP1, and M810 F2 were used as light
sources in the cut back setup. For the calculation of the coefficient
of light attenuation (a), 5 cuts were made along the length of each
PDMS POF specimen at a distance of 5 cm, 10 cm, 20 cm, 30 cm,
and 40 cm. The coefficient of light attenuation was calculated using
Eq. (1).

/¼ 10
L2 � L1

log
P1

P2

� �
ð1Þ

where a is the light attenuation in dB/cm, L1 and L2 are initial and
final length of the fiber in cm, respectively, and P1 and P2 are the ini-
tial power output before the cut and the final power output in pA
after the cut, respectively.

Infrared (IR) spectroscopy of the PDMS POFs was performed
using a Bruker Tensor 27 system integrated with a GladiATRTM sin-
gle reflection ATR accessory. A diamond crystal was used for the
measurements of the PDMS POF samples. The PDMS POFs were
pressed against the crystal, and absorbance spectra were recorded
in the spectral range of 4000–450 cm�1 with a sample scan of 64
and a resolution of 4 cm�1. OPUS 8.1 software package was used
for the analysis of the IR spectra, and all the spectra were baseline
corrected for qualitative comparative analysis of the crosslinker in
the PDMS POFs.

Atomic force microscopy (AFM, Nanosurf C-3000, Nanosurf AG)
was performed in dynamic mode to characterize the surface rough-
ness of the Teflonmould and PDMS POFs. The AFM tip Tap 150 AI-G
(Budget Sensors) with a spring constant of 5 N/m was used for
scanning the samples. The scan was done for the area of
10 lm � 10 lm for both types of samples.

The swelling study of core only PDMS POFs was done utilizing
the solvent toluene at room temperature (23 �C). The solvent
toluene used in the experiment was purchased from Biosolve
(CAS: 108–88-3). The density of toluene as provided by the sup-
plier was 0.87 g/cm3 and the density of PDMS POFs was in the
range of 1.04–1.08 g/cm3 (SI, Table S4). First, pre-swelling of the
POFs was done to extract the uncrosslinked portion of the polymer
chains (sol fraction) present in the polymer network into the sol-
vent. The initial mass of the POFs was measured before the pre-
swelling. Then, the POFs were immersed in toluene for 25 h for
the pre-swelling experiment. The final mass of the POFs was mea-
sured after drying the POFs under the hood for 4 days at room tem-
perature. The sol fraction present in the crosslinked PDMS POFs
was calculated using equation (2).

% Sol Fraction ¼ m�mdry

m
� 100 ð2Þ

where m is the mass of the PDMS POF before swelling and mdry is
the mass of the PDMS POF after drying.

The dried PDMS POF specimens from the pre-swelling study
were subjected to a final swelling test. The POFs were immersed
in toluene for 90 h. For the measurement of the final mass of the



Fig. 1. Processing of elastomeric POFs. a) Moulding strategy for the processing of the core only PDMS POFs in PTFE tube based moulds. b) Dip coating of PDMS based core only
POFs in a THV polymer solution to process PDMS/THV (core/clad) POFs. The dip coating process led to the formation of a thin cladding (�10 lm) around the PDMS core. c)
Topography acquired in AFM tapping mode for the inside wall of the PTFE tube mould used for processing of POFs. d) Topography acquired in tapping mode for the outer
surface of the processed PDMS POF (10:1).
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swollen POFs ðmswÞ, the surface of the POFs was wiped quickly with
tissue to remove excess solvent from the surface and then the
fibers were immediately weighed. The crosslink density of the
PDMS POFs was calculated using the Flory-Rehner approach. The
equilibrium degree of swelling of PDMS was calculated by applying
Eq. (3), whereas the volume fraction dependent Flory-Huggins
interaction parameter was calculated by applying Eq. (4) [24]. Fur-
thermore, the crosslink density of the PDMS POFs was calculated
by using Eq. (5) [24].

Q ¼ 1
/p

¼ Vsw

Vdry
¼

mdry

qp
þ ðmsw�mdryÞ

qs
mdry

qp

ð3Þ
4

v ¼ 0:459þ 0:134/p þ 0:59/p
2 ð4Þ

t ¼ �logeð1� /pÞ þ /p þ v/p
2

Vs /p
1=3 � /p

2

� �� � ð5Þ

where,

Q ¼ EquilibriumDegree of Swelling

/p ¼ Volume fractionof polymer in swollennetwork
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qp ¼ Density of the Polymer ðg : cm�3Þ
qs ¼ Density of the Solvent ðg : cm�3Þ
Vs ¼ Molar volumeof the solvent ðcm3:mol�1Þ
t ¼ CrosslinkDensity ðmol :cm�3
Vsw ¼ Volumeof swollen POF
Vdry ¼ Volumeof unswollenPOF
v ¼ Flory�Huggins ðpolymer=liquidÞ interactionparameter
2.3. Textile integration and sensor characterization

2.3.1. Textile integration of POFs
A pressure patch sample was made with PDMS POFs and jack-

eted commercial PMMA POFs (SH 4001, polyethylene jacketed
Super EskaTM, inner core diameter (ID) of 1.0 mm, outer diameter
(OD) of 2.2 mm ± 0.07 mm (Industrial Fiber Optics, Tampa, AZ,
USA). Six pieces of POFs with a 7 cm length were cut and glued
to both ends with 1 m of PMMA fibers. The prepared PDMS and
PMMA jacketed POFs were placed on top of the textile in order
to form a matrix of 3 � 3 fibers. The prepared POFs were integrated
to a textile patch via embroidery with a height of the stitches set to
4 mm. The computerized embroidery machine was employed for
this process, which was equipped with a framing system that holds
the framed area of fabric taut under the sewing needle. The
embroidery machine moves the frame automatically and creates
a design from a pre-downloaded digital embroidery pattern. The
prepared POFs were placed on the base material (textile) and fixed
with tape. Fig. S1 shows the digital embroidery pattern that was
used to maintain the POFs in order to make the pressure patch.
This embroidery process provided the advantage of keeping the
POFs in a straight orientation, i.e., less bending losses during the
optical measurements. An identical pressure patch sample was
also made with the PDMS/THV (core/clad) POFs.
2.3.2. Temperature and humidity sensitivity
The temperature (T) and relative humidity (RH) tests were con-

ducted in a climatic chamber. 20 cm pieces of the following fibers
were cut with a normal optical fiber cutter: PDMS core-only and
PDMS/THV POFs with a diameter of approximately 1000 lm and
1020 lm, respectively, and jacketed PMMA with an inner core
diameter (ID) of 1.0 mm and an outer diameter (OD) of 2.2 mm.
The custom built optical transducer device (Fig. S2) equipped with
six infrared IF E91D LED (peak wavelength = 870 nm) and six IF
D92 phototransistors (peak sensitivity = 870 nm) was used for
the optical measurements. Each channel of this device consists of
a transmitter and a corresponding receiver, which are connected
by a fiber-optic sensor. The user interacts with the measurement
device via a graphical user interface built on MATLAB software.
The parameters and the recording command are transmitted via
USB to the measurement electronics. The reduced light intensity
is recorded at the receiver and acquired data represent voltage val-
ues in the range of 0 to 2 V. The device’s LEDs were switched on for
at least 1 h before the first measurements were made, thus avoid-
ing any drift in the device due to the warming up of the electronics.
Three measurement repetitions were done by changing the fibers
for each repetition. The experiments were performed in steps of
increasing or decreasing T/RH, as described in Tables 2 and 3
below.
5

2.3.2.1. Water droplet test. The water droplet test was operated
inside a climatic chamber, in which the temperature and humidity
were kept constant at 25 �C and 65%, respectively. The PDMS Core-
only POFs and PDMS/THV POFs were connected to the optical
transducer device. This optical device is protected with a plastic
case on the top of it to avoid water on the components. A sprayer
was filled with deionized water conditioned to a temperature of
25 �C. The fibers were placed on a glass plate and 10 mL of water
was sprayed on the top surface of the POFs from a distance of
approximately 20 cm. Three replicates were performed for each
sample.

2.3.2.2. Short and long term measurement. The short and long-term
load/pressure measurements were conducted with the ‘‘Dicken-
messgerät FRANK 1650200. This device allows the application of a
static pressure with stamps of predetermined mass. For our exper-
iments, a stamp with a diameter of 16 mm was chosen, which
allowed the whole surface of the fibers to be touched. The samples
were placed under the stamp in order to apply the load in the mid-
dle of the POFs. The short-term measurements were performed
according to Table 4. The long-term measurements ran for 15 h
under a load of 372 g.

2.3.3. Real time PDMS POF sensor test
The pressure patch was placed on the chair covered with the

textile (Fig. S3). The duration of the measurement was set to
120 min. The measurement was started without a load, and after
5 min, the human being as the subject applied a pressure/load on
the PDMS POFs by sitting on the chair in a normal sitting posture.
Before the last 5 min of the measurement, the subject stood up
from the chair, i.e., from the demonstrator patch.

2.3.4. Opto-mechanical test protocol: compressive cycling loading
The force and pressure sensing capability of PDMS POFs were

tested with the cyclic compression test. The cyclic compression
test setup was custom-built by providing the mechanical loading
onto the polymer optical fibre during the light transmission pro-
cess. The PDMS and PDMS/THV POFs of length 55 mm were used
as sensing element in this test. Both ends of PDMS POFs and
PDMS/THV POFs were connected to the commercial PMMA POFs
with the aid of shrink tubing. The whole fibre system was con-
nected on one side to the light source (Fibre coupled LED,
660 nm, Thorlabs, Inc.) and on the other side to the photodetector.
The loading on the specific surface area of soft POFs was performed
utilizing a metallic cylindrical plunger with a diameter of 16 mm.
The complete opto-mechanical setup utilized to determine the
sensing performance of PDMS POFs has been described in Fig. S17.

The cyclic compressive loading was performed in a spindle-
driven quasi-static test machine of type Z010 from Zwick Roell
(Ulm, Germany), equipped with a 20 N load cell. Stress–strain
curves were calculated from the test data and correlated with
the optical signal data. In a first quasi-static staircase loading test
(C1) fibres were loaded to iteratively increased load levels of
0.1 N, 0.2 N, 0.4 N, 0.6 N, 0.8 N, 1.0 N, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5 and 5.0 N, respectively as illustrated in Fig. S18.

Secondly, a test with (C2) was performed at a load level of 0.1 N,
1.0 N and 5.0 N, at each level with 10 cycles as illustrated in
Fig. S19. Loading conditions for both tests were identical: preload
0.05 N, loading and unloading with displacement-driven mode at
10 mm/min, holding time of 5 s at each load level, and relaxation
time of 30 s after each unloading. The compression strain was cal-
culated by plunger displacement with respect to plate-to-plate dis-
tance at preload (e = 100 � Ds/ D0, Ds: relative displacement, D0:
initial plate-to-plate distance at preload). The compressive stress
was calculated with the plunger load with respect to the approxi-
mated effective cross-sectional area (Project Diameter of POF � 16.



Table 2
Temperature variation subjected to PDMS, PDMS/THV, and PMMA jacketed POFs. Humidity was kept constant at 55% during this temperature test.

Time (h) 1 2 3 4 5 6 7 8 9 10 11

T (�C) 30 33 36 39 42 45 42 39 36 33 30

Table 3
Humidity variation subjected to PDMS, PDMS/THV, and PMMA jacketed POFs. Temperature was kept constant at 25 �C during the humidity test.

Time (h) 1 2 3 4 5 6 7

RH (%) 40 55 70 85 70 55 40

Table 4
Short term static load measurements conducted for PDMS POFs.

Time (min) 2 4 6 8 10 12

Load (g) 0 167.1 241.1 297.2 371.8 0
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0 mm). The details of stress–strain curves of POFs under compres-
sion can be seen in Fig. S20.

Further, to estimate the applied pressure on POFs during com-
pressive loading (Fig. S18), the effective contact surface area
between soft PDMS POF and the circular plunger was determined
via finite element modelling (FEM). The details of FEM are provided
in SI on page 17–19.

2.4. Statistical analysis

All the statistical analysis was performed with the R program (v
4.2.0) and R-commander package (v 2.7–2). We initially checked
the assumptions of normality and homogeneity of variances by
applying the Shapiro Wilk’s and Levene’s tests, respectively. Devi-
ations from the assumptions were assumed if the tests resulted
very significant (p < 0.01). In case the samples followed the nor-
mality assumption, a one-way ANOVA test (assuming homoge-
neous or heterogeneous variances, according to the result of the
Levene’s test) was used to test for the significance effect of one
parameter on the property of interest. Tukey contrasts were then
used for the comparison of means in case of significant effects. In
case the samples did not follow the normality assumption, the
respective non-parametric test was used: one-way Kruskal-
Wallis’ rank sum test followed by a Dunn’s test for the comparison
of means. For the analysis of the results shown in Tables S1 and S2,
a mixed ANOVA test was used to test for the effect of the fiber type
(between-subjects factor) and either temperature or RH (within-
subjects factor). If significant effects were found, one-way ANOVA
tests were performed on the between-subjects factor for each
within-subjects factor, followed by pairwise comparison of means
for the between-subjects factor.
3. Results and discussion

3.1. Processing of POFs

The core only soft PDMS POFs were processed via moulding
with different formulations namely (1:1), (5:1), (10:1), (15:1),
and (20:1) by changing the base to crosslinker ratio (refer to details
of process in section 2.1 Materials and Methods).

The surface roughness of the inside walls of the tubular mould
is an important processing parameter that can influence the sur-
face roughness and optical properties of the final processed PDMS
POFs. Fig. 1c and d describe the tapping mode AFM image of the
inside wall of the PTFE mould and the outer surface of the PDMS
POF (10:1), respectively.
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The surface of the PTFE mould possessed a root mean square
roughness (RMS) of 27 ± 3.4 nm, whereas the surface of the PDMS
POF possessed a RMS roughness of 27 ± 5.2 nm. The roughness pro-
files of the PTFE mould and the PDMS POF in Fig. S4 provided evi-
dence that the final surface roughness of PDMS POFs was highly
dependent on the surface roughness of the tubular mould material.
3.2. Mechanical properties of POFs

The mechanical properties of PDMS POFs were altered by
changing the base to crosslinker ratio (Fig. 2a and Table 5). It
was found that the POF formulation (10:1) resulted in the highest
mechanical strength. Increasing the base to crosslinker ratio in the
case of POF formulations (1:1) and (5:1), as well as decreasing the
base to crosslinker ratio in the case of POF formulations (15:1) and
(20:1) resulted in the decline of the mechanical strength when
compared to the POF formulation (10:1). Especially, it was
observed that a higher amount of crosslinker in the PDMS POFs
(1:1) led to the deterioration of the mechanical properties. How-
ever, decreasing the amount of crosslinker led to an increase in
the stretchability of PDMS POFs, in the case of PDMS POFs (15:1)
and (20:1).

The tensile modulus also followed a similar trend as the
mechanical strength of PDMS POFs, as depicted in Fig. 2b. The
PDMS POFs (10:1) had the highest average tensile modulus,
whereas PDMS POFs (1:1) and (20:1) exhibited the lowest tensile
modulus. The tensile modulus of the PDMS POFs was also influ-
enced by the amount of sol fraction (refer to experimental section
for details of the sol fraction calculation) present in PDMS POFs, as
displayed in Fig. 2b. The PDMS POFs (10:1) possessed the lowest
sol fraction of approximately 4%, whereas PDMS POFs (1:1) pos-
sessed the highest sol fraction of approximately 17%.

Fig. 2c represents the relationship between the tensile modulus
and the calculated crosslink density (refer to section 2.2, for cross-
link density calculations) of the PDMS POFs. The increase in the
crosslink density corresponded to the increase in the tensile mod-
ulus except for the POF formulation (1:1). This implies that the
high amount of crosslinker utilized in the PDMS formulation
(1:1) leads to a high amount of sol fraction (i.e., higher percentage
of defects in the polymer network) and also a decrease in the cross-
link density as compared the PDMS POFs (5:1) and (10:1). The
overall mechanical properties of the PDMS POFs extracted from
the tensile test and swelling studies are summarized in Table 5.

The mechanical properties such as the elasticity and ultimate
tensile strength of a crosslinked polymer system are highly depen-
dent on the polymer network topology and the chemical composi-



Fig. 2. Effect of base to crosslinker ratio on different properties of soft PDMS POFs. a) Stress–strain behaviour of PDMS POFs cured at 125 �C in a uniaxial tensile test. b)
Variation of the tensile modulus and sol fraction with respect to the base to crosslinker ratio (lines in graph are only to guide the eyes). c) Effect of the base to crosslinker ratio
on the sol-fraction extracted from the PDMS POFs by the swelling study in toluene. d) Comparison of the ATR-FTIR spectra of the pure crosslinker and crosslinked PDMS POFs.

Table 5
Summary of the mechanical, chemical, and optical properties of PDMS POFs processed at a fixed curing temperature of 125 �C. (*Optical properties of these POFs were not
investigated). The superscripts (a–e) identify samples that do not show significant differences for the corresponding property (p < 0.05).

POF Formulation
Base to Crosslinker Ratio

Tensile modulus
(MPa)

Tensile Strength
(MPa)

Maximum Elongation (%) Sol Fraction
(%)

Average Crosslink Density
t * 10-4 (mol/cm3)

Light attenuation
(dB/cm)

1:1 0.4 ± 0.39a 0.8 ± 0.5a 79 ± 24a 16.82a 1.76 n/a*

5:1 1.5 ± 0.04b 6.6 ± 0.77b 149 ± 25b 5.95b 3.59 0.17 ± 0.002ab

10:1 2.0 ± 0.15c 8.2 ± 0.36c 170 ± 11b 3.90c 3.99 0.14 ± 0.01a

15:1 0.9 ± 0.04d 5.3 ± 0.88d 215 ± 31c 6.03b 1.88 0.18 ± 0.02b

20:1 0.5 ± 0.02 3.4 ± 0.44e 262 ± 19d 9.99a 1.10 n/a*
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tion [25]. The ideal polymer network should consist of elastically
effective network strands (polymer chains) connected by the junc-
tions (crosslinks). However, the real crosslinked elastomer systems
(especially ones prepared from commercially predesigned elas-
tomer kits) always consist of network defects such as dangling
chains, loops, sol fraction, unreacted crosslinker, and entangle-
ments along with the elastically effective network [25–29]. The
origin of these defects is a function of the stoichiometry of the
specific reactive elastomer components, i.e., base, crosslinker, and
additives [29]. Despite the long history of research on crosslinked
polymer networks, the influence of network defects on the final
mechanical properties is still a complex issue that is not clearly
understood [30], but we have attempted to provide a hypothesis
based on our PDMS POFs.

In this study, commercial PDMS Elastomer Sylgard 184 was uti-
lized for the processing of POFs. Our results show an important rel-
7

evant aspect of the base to crosslinker ratio, i.e., the stoichiometry
of the crosslinkable polymer system. For example, the elastomer
system used in this study possesses the highest mechanical prop-
erties and crosslink density at a formulation of 10:1. The off-
stoichiometry leads to a decrease in the mechanical strength, but
on other hand, it leads to an increase in the stretchability for cer-
tain formulations too. There is always a compromise between the
crosslink density and stretchability of the crosslinkable polymer
system [31], as we also found in the case of the crosslinked PDMS
based elastomer. This leads to an important conclusion that the
same crosslinkable elastomer system, i.e., in this case PDMS, can
be tuned to design PDMS POFs with varying stretchability for
specific sensing applications, i.e., strain sensing or motion sensing,
by simply changing the formulation (stoichiometry).

Based on reported study in literature [32] and our experimental
results (Fig. 2), it can be said that the mechanical properties of
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crosslinked polysiloxanes are not solely governed by the crosslink
density of the system but rather by the combined effect of chemi-
cal crosslinks and the amount of defects present in the polymer
network.

To further understand the presence of defects such as unreacted
crosslinker molecules, ATR-FTIR analysis of PDMS POFs was per-
formed. The peak at 912 cm�1 in the ATR-FTIR analysis (Fig. 2d)
was utilized as a qualitative indicator to detect the presence of
unreacted crosslinker in the PDMS POFs, as it represents the Si-H
bending vibrations of the crosslinker molecules [33,34]. PDMS
POFs with a formulation of (1:1) and (5:1) possessed the higher
amount of unreacted crosslinker (Fig. 2d). This further confirmed
the differences in the mechanical strength observed in the PDMS
POFs and also highlights the fact that the amount of unreacted
crosslinker (i.e., network defect) is another factor that could lead
to the degradation of the mechanical properties of PDMS POFs.

The PDMS Sylgard 184 is an example of the hydrosilylation
chemistry [35], whose mechanical properties can be significantly
influenced by the curing parameters [36] employed during the pro-
cessing. The effect of the curing temperature and time on the
mechanical properties of PDMS POFs was also investigated in this
work. For this purpose, the PDMS POFs (10:1) were selected due
to their highest mechanical strength. It was observed from uniaxial
tensile testing experiments that the tensile strength of PDMS POFs
(10:1) increased as the curing temperature increased, as depicted
in Fig. S6a. The tensile modulus also increased with increase of cur-
ing temperature following similar trend as tensile strength, as
described in Fig. S6b. The overall summary of the effect of the cur-
ing temperature on the mechanical and optical properties is pre-
sented in Table 6.

The increase in the mechanical properties with increasing cur-
ing temperature can be attributed to the higher conversion effi-
ciency of the hydrosilylation reaction at higher curing
temperatures [37] i.e., the formation of a larger number of covalent
crosslinks in the polymer network. The similar behaviour of the
mechanical properties with respect to the curing temperature
has also been found in other studies [38,39]. Our results highlight
the fact that the curing temperature is another valuable parameter
to tune the mechanical properties of PDMS POFs. Moreover, low
curing temperatures such as 23 �C or room temperature curing
could be highly desirable to incorporate temperature sensitive
additives or moieties to develop functional soft PDMS POFs for
specific sensing applications.
3.3. Optical properties of POFs

Regarding the optical properties of POFs, light attenuation is
one of the most important features with regard to the intended
applications. The coefficient of light attenuation governs the trans-
mission loss of light within the POF over certain distances. We
selected the PDMS POFs (10:1) cured at 125 �C to investigate the
Table 6
Summary of the mechanical and optical properties of the PDMS POFs (10:1) with respect to
differences for the corresponding property (p < 0.05). The curing parameters (time and te

Curing Time Cure
Temperature
(�C)

Tensile modulus
(MPa)

96 h 23 1.22 ± 0.06a

2.5 h 75 2.06 ± 0.04c

37 min 125 1.98 ± 0.15b

22 min 200 2.80 ± 0.05d
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effect of wavelength on the optical properties. Fig. 3a shows the
digital image of the flexible nature of the PDMS POF transmitting
light in a loop configuration around a human finger. The cut-back
study data showed, in the case of core only PDMS POFs (10:1), that
the light attenuation decreases with the increase in the wavelength
of light utilized, as depicted in Fig. 3b. The light attenuation in POFs
is highly dependent on the wavelength of the light source used,
which is further related to the various intrinsic and extrinsic opti-
cal losses.

The intrinsic losses are mainly related to the absorption (via
electronic transitions and molecular vibrations) and scattering by
the polymer material. The extrinsic losses come from the organic
contaminants, dust, and volumetric defects such as pores, bubbles,
and surface roughness features due to processing of the POF
[40,41]. The absorption losses for the PDMS were dependent on
the overtone and combination band molecular vibrations of –CH
groups within the range of 600–1600 nm [41]. Moreover, the
extrinsic scattering due to the surface roughness of the PDMS
waveguide also contributes to the light attenuation [41]. In our
case, we found a RMS surface roughness of 28 nm for our PDMS
POF (Fig. S4).

Apart from the surface roughness, recently, it has been reported
that the surface of the PDMS Sylgard 184 elastomer possesses net-
work mesh structure with a mesh size ranging from 10 to 16 nm
[42]. This nanostructure present in the crosslinked PDMS may
probably also lead to intrinsic light scattering, i.e., Rayleigh scatter-
ing which is inversely proportional to the fourth power of the
wavelength. In our study, it was clear that PDMS POFs have higher
optical losses at the wavelength of 455 nm and 530 nm. This might
be attributed to the combined effect of absorption via the tails of
electronic transitions, molecular vibrations of –CH bonds, and Ray-
leigh scattering, which is lower at the higher wavelengths of 660
and 810 nm compared to 455 and 530 nm.

Moreover, it was also observed that the curing temperature of
the PDMS formulation and crosslink density also influence the light
attenuation of PDMS POFs, although the effect was smaller than
that observed for the mechanical properties (Fig. 3c/Table 6 and
Fig. 3d/Table 5, respectively). Only curing at a high temperature
(200 �C) led to a significant difference in the light attenuation
when compared to the standard formulation (PDMS POF 10:1,
125 �C). The decrease in the crosslink density led to a significant
increase in light attenuation in PDMS POFs 15:1 (Fig. 3d), which
might be related to the presence of a larger number of polymer
network defects such as sol fraction (Table 5) present in this for-
mulation when compared to PDMS POFs (10:1), as explained in
the previous section. This study provides evidence that defects in
the three-dimensional crosslinked polymer network may also lead
to excessive light scattering. In other words, it might be hypothe-
sized that the PDMS polymer network with a high crosslink density
transmits light with a lower light attenuation. However, these
results provide a promising range of optical properties and specific
the curing temperature. The samples with same superscripts (a–d) show no significant
mperature) were selected based on the rheology study presented in Fig. S16.

Tensile Strength
(MPa)

Light attenuation
(dB/cm)

Elongation
e (%)

6.8 ± 0.69a 0.18 ± 0.03ab 206 ± 25a

8.1 ± 0.85b 0.15 ± 0.01a 144 ± 27b

8.2 ± 0.36b 0.14 ± 0.01a 170 ± 11b

9.6 ± 0.36c 0.21 ± 0.02b 129 ± 12c



Fig. 3. Optical properties of PDMS POFs. a) Digital image of PDMS POF (10:1) in a bend configuration of loops around the finger, depicting the flexibility and light transmission
in real time. b) The variation in the light attenuation of PDMS POFs (10:1) with respect to the wavelength of the light source used. c) The effect of the curing temperature on
the light attenuation of PDMS POFs (10:1). d) The variation in the light attenuation and crosslink density of PDMS POFs processed with different base to crosslinker ratios.
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wavelength selection (Fig. 3b) for multiple sensing applications
especially for biomedical sensing. The high mechanical flexibility
and lower light attenuation of our PDMS POFs in the near infrared
(NIR) region, i.e., at 810 and 660 nm, combined with near infrared
spectroscopy (NIRS) could allow the use of these POFs in the field
of oxygenation saturation sensing and neural activity sensing
[43,44].
3.4. Core/Clad POFs

Based on the above-mentioned results, we further targeted our
study on the development of a robust core/clad system as com-
pared to core only PDMS POFs, which can be employed for sensing
applications. The cladding is desirable for the protection of the
fiber core from various environmental factors such as humidity,
temperature, and dust. The PDMS POF (10:1) cured at 125 �C was
selected as the core material due to the good combination of
mechanical strength and low light light attenuation, whereas the
fluoropolymer THV was selected as the cladding material due to
its low refractive index. The dip coating of the PDMS POF in the
THV polymer solution led to the formation of a thin THV cladding
(�10 lm), as shown in Fig. 1b. For the visual confirmation of the
formation of a uniform THV cladding, PDMS POFs were dip coated
in the THV polymer solution dispersed with Lumogen Red dye. THV
formed a uniform coating as the cladding on the surface of the
PDMS core (Fig. 4a). As a comparison, the PDMS POF dip coated
in only Lumogen Red dye solution formed non-uniform aggregates
of dye partially over its surface (Fig. 4a).

Furthermore, the presence of the THV cladding (without dye)
was also detected with the ATR-FTIR technique. Fig. 4b shows
the comparative analysis of the FTIR spectra of the core only and
core/clad based POFs. The emergence of new peaks at 1398 cm�1
9

and in between 1130 and 1200 cm�1 were associated to the poly-
mer THV. The peaks between 1130 and 1200 cm�1 were attributed
to the stretching vibrations of the C-F bond [45,46], whereas the
peak at 1398 cm�1 was linked to the CH2 bending vibrations in
THV [46]. These results further confirmed the presence of the
THV cladding in core/clad PDMS POFs.

The uniaxial tensile testing results revealed the higher tensile
strength in PDMS/THV POFs (9.6 ± 0.28 MPa, p < 0.05) in compar-
ison to core only PDMS POFs (8.2 ± 0.36 MPa, p < 0.05), as repre-
sented in Fig. 4c. The understanding of this behavior came from
the heat treatment (HT) of the PDMS/THV POFs. The dip coated
PDMS/THV POFs were subjected to HT at 110 �C for 20 min to
ensure the solvent removal from the THV cladding and uniform
THV coating formation. To understand if the enhancement of the
mechanical strength was either due to the thin THV cladding or
due to the HT of the PDMS core, we performed the HT of the core
only PDMS POFs at the same conditions as the PDMS/THV (core/-
clad) POFs. The tensile testing data shown in Fig. 4c showed an
interesting result, which confirmed that the enhancement of the
tensile modulus and ultimate tensile strength can be attributed
to the HT of the PDMS core. The HT of the PDMS core might lead
to further crosslinking inside the POF, which may be related to
the enhanced mechanical strength. Our HT experiments provides
evidence that despite crosslinking the PDMS at optimum curing
conditions, some unreacted crosslinker molecules remain in the
cured samples, which further leads to post crosslinking of PDMS
during the heat treatment process, resulting in the enhanced
strength of the crosslinked polymer. Our results can be supported
by other studies, which found similar results on the post HT of
PDMS elastomers [47,48]. The optical characterization of PDMS/
THV (core/clad) POFs showed no significant difference in the aver-
age light attenuation compared to core only PDMS POFs (Fig. S7),



Fig. 4. Properties of PDMS/THV (core/clad) POFs. a) Digital image of the PDMS core only and PDMS/THV (core/clad) coated with Lumogen Red Dye. b) ATR FTIR spectra of
PDMS POF and PDMS/THV POFs. c) Stress–strain response of PDMS/THV POFs compared to as processed and heat treated core only PDMS POFs. d) Fiber response to changing
climatic conditions; results of the temperature sensitivity of POFs. e) Results of the humidity sensitivity of POFs. f) Results of the water droplet tests. Water was sprayed on
the POFs after 10 min of measurement. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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i.e., PDMS core only and PDMS/THV POFs have similar optical per-
formance. The increased variability in attenuation of PDMS/THV
POFs is due to the dip coating process leading to some irregularities
in the thickness of the cladding. However, as it will be shown later,
this does not affect the performance of core/clad fibers.

3.5. Sensing application of PDMS POFs

After the characterization of PDMS and PDMS/THV based POFs,
we selected core only PDMS (10:1) POFs cured at 125 �C and PDMS/
THV (core/clad) POFs for the sensing application due to their better
mechanical strength and lower light light attenuation as compar-
ison to the other soft POFs developed in this work. The goal of
our study was to demonstrate the development of a soft POF based
pressure sensor targeted for continuous, real time monitoring of
pressure subjected to skin tissue in certain human body postures,
for example, pressure on skin tissue while a person is sitting on a
10
chair for long time or the pressure on skin tissue while a person
is laying on a bedmattress for a long time, i.e., patients in hospitals.
In the above mentioned application scenarios where PDMS POFs
need to be placed next to human skin tissue, changes in various
environmental factors such as temperature (T), relative humidity
(RH), or body fluids such as body sweat could influence the optical
performance of PDMS POFs. This makes it very important to under-
stand the influence of environmental factors on soft PDMS POFs
before the textile integration process. We conducted an analysis
of the PDMS POF response against changing climatic conditions
(temperature and relative humidity) as well as when in contact
with liquid water.

To assess the effect of RH and T, a jacketed commercial POF was
also used as a reference to minimize the effect of the electronic sig-
nals. We observed a stable signal for the three POFs during the
variation of the temperature from 30 to 45 �C (Fig. 4d). Statistical
analysis (Table S1) indicated no significant effect of either the tem-
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perature or the fiber type on the signal. A different behaviour was
found for the RH tests (Fig. 4e). Here, core only PDMS POFs were
significantly affected by the RH. In comparison, the PDMS/THV
POFs have a relatively constant signal and a performance similar
to jacketed PMMA. Our study revealed a significant effect of the
fiber type, with PDMS core only POF performing inferior to the
other two POFs especially after 4 h of RH testing (Table S2).

The protective role of the THV cladding was further confirmed
by the spray test, in which water droplets were sprayed on the sur-
Fig. 5. Soft POFs response to load. a) Three dimensional model of the plunger and soft
sensing response of PDMS and PDMS/THV POFs. Data is expressed as mean ± s.d, n = 3. T
2022. c) Cyclic response of PDMS and PDMS/THV POFs. See Figures S10 and S11 for raw s
the fiber crossing integrated into a patch of 3 � 3 fibers. See Figures S13 and S14 for othe
of the PDMS patch placed on a chair for real time sensing application. f) Real time raw
placed on a chair).
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face of POFs to monitor the real time change in the light intensity
of POFs. Once sprayed with water droplets, PDMS core only and
PDMS/THV POFs displayed a big difference in the behavior, con-
firming the results of the environmental factors mentioned above.
PDMS core only POFs were highly sensitive to the presence of
water droplets on their surface, showing a sudden decrease in
the light intensity initially (Fig. 4f) and then a slow return to the
original value after approximately 25 min. This effect can be clearly
attributed to the scattering of light by water droplets on the POF
POF simulating the experimental set up used for the compression test. b) Pressure
he linear fitting curves were obtained via weighted linear fit in the software Origin
ignal data d) Response of PDMS POFs to load sensitivity. The loads were applied on
r examples of crossover points using both PDMS POFs and PDMS/THV POFs. e) Photo
data of the subject sitting on the PDMS patch (The PDMS patch of 3 � 3 fibers was
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surface, which disappeared after some time due to the evaporation
of water droplets (Fig. 4f). On the other hand, the detected light
intensity in PDMS/THV POFs was unaffected (Fig. 4f) by the pres-
ence of water droplets. The THV cladding prevented the direct con-
tact of water droplets with the PDMS core, inhibiting the light
scattering loss effect by water droplets. The effect was not due to
a higher hydrophobicity, as both POFs show a strong hydrophobic
behavior, as visualized in Fig. S8. It can be concluded that the clad-
ding plays an important role in the detection of the stable light
intensity signals in POFs.

Our results demonstrate that the thin THV cladding is an effec-
tive option that could be easily applied for the protection of the
PDMS POFs against environmental factors. The THV cladding sys-
tem is not only limited to PDMS but could also be optimized and
extended for other POF materials depending on the required
application.

The force and pressure sensing performance of the PDMS and
PDMS/THV POFs was determined via cyclic compression testing
(details of method and set up in section 2.3.4 and Fig. S17).
Fig. S22 represents the force versus light intensity relationship of
PDMS and PDMS/THV POFs i.e. force sensing response. Both POFs
were successfully able to sense all the forces within the range of
0.1 to 5 N. However, PDMS core only POFS are more sensitive to
all loads within this range as compared to PDMS/THV POFs.
Fig. 5a shows three dimensional model of the fiber and plunger
system utilized for FEM simulation of the compression test and
Fig. S21 shows the snapshot of the FEM simulation describing
the change in effective contact area between plunger and soft
PDMS POF during compression test (more information in
Table S5 and Video S1). The FEM data was utilized to calculate
the pressure on PDMS POFs. Fig. 5b describes the relationship
between pressure versus light intensity signal of PDMS and
PDMS/THV POFs. Both POFs exhibited linear response between
pressure and the decrease of light intensity signal (Fig. 5b). How-
ever, pressure sensing behaviour of PDMS/THV POFs (Fig. 5b)
clearly describes the advantage of THV cladding, which provides
higher accuracy acts as direct contact to the measured stimulus
i.e. pressure, providing lower light losses as compared to PDMS
core-only POFs. Indeed, the apparent higher pressure sensitivity
of PDMS POFs is in fact due to an increased light out-coupling to
the environment, as the plunger and bottom plate works as clad-
ding for these POFs. Another advantage refers to the range of pres-
sures that can be detected accurately, that is, with low signal
variability. This range extends to 300 kPa for PDMS/THV POFs as
compared to only 100 kPa in case of PDMS POFs. The cyclic perfor-
mance of the PDMS and PDMS/THV POFs was also tested at 3 dif-
ferent loads of 0.1 N, 1 N and 5 N. Fig. 5c describes the cyclic
response of the PDMS POFs in comparison to PDMS/THV POFs
(raw signal data in Fig. S10 and Fig. S11). Both PDMS POF as well
as PDMS/THV POF provided similar signal response during each
successive cycle at all 3 loadings (Fig. 5c), which reveals the repro-
ducible optical signal response of these soft POFs.

However, the decay of the light intensity in the case of PDMS/
THV POFs was always smaller compared to PDMS core only POFs,
which can be attributed to the reduction in the light out-
coupling due to the presence of the THV cladding.

To demonstrate the versatility of PDMS POFs and PDMS/THV
POFs, we developed demonstrator patches via textile integration.
A 3 � 3 matrix configuration of POFs with 9 fiber crossover points
was fabricated via stitching (Fig. S1) of POFs into a textile patch.
The evaluation of the sensitivity of this demonstrator was analysed
by application of different loads on crossover points of PDMS POFs.
Fig. 5d displays the change in the detected relative voltage signal
on the application of load at the single fiber crossing point, i.e.,
the crossing of PDMS POF 1 and PDMS POF 3. It was found again
that the detected signal of the PDMS POFs decreases as the applied
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load increases. The similar kind of optical loss mechanism at the
POF crossing point has been found in another study [49]. Similar
results were obtained for other crossing points, for both types of
POFs (Figs. S13 and S14).

The demonstrator patch made of 3 � 3 PDMS POF matrix was
further tested to check its wearable health monitoring potential
in real time. We tested the pressure variations on skin tissue, i.e.,
on the buttocks of the subject sitting on a chair. The patch was
placed on a chair, as shown in Fig. 5e. Then, the subject sat on
the patch during the measurement and performed computer activ-
ities. This implies that during the measurement, the subject stayed
seated on the patch with natural body movements.

Fig. 5f represents the real time raw data recorded due to the
body movements and load applied by the subject on the demon-
strator patch. Interestingly, it was found that all the PDMS POFs
in the patch detect the same humanmovements, i.e., pressure vari-
ations with different intensities. As a comparison, Fig. S9 shows
patches with both types of PDMS POFs under long-term and static
loading conditions. The signal was constant for 15 h and then
returned to the original value upon removal of the load (Fig. S9).
The lack of reconvergence of the light signal for the PDMS/THV
fibers (Fig. S9) could be due to different effects. First, due to the
movement and misalignment of the connection between PDMS/
THV POF and commercial PMMA POF (see Fig. 5e) during the
removal of the load, which lead to a residual light loss. Second,
the long term loading might have led to local debonding of the
THV cladding (Fig. S23), which could contribute to additional light
losses and consequent lack of reconvergence of the light signal in
PDMS/THV POFs as well as to instability in the cycling testing for
large loads (5 N, Fig. S11) or decreased longevity of these POFs.
The connection of the soft and anti-adherent PDMS POFs to both
commercial PMMA POFs and to cladding materials is a challenging
point in our sensor design that is still under improvement.

The differences in the signal intensities with different PDMS
POFs in the textile patch (Fig. 5f) can be explained by the fact that
POFs were compressed differently depending on their location at
the crossing points in the patch and as well as on the point of appli-
cation of the load, implying non uniform deformation of different
PDMS POFs (Fig. 5f). This test was, therefore, a proof of concept
of this wearable health monitoring patch because PDMS POFs were
successfully able to detect human movements, which indirectly
could be further translated to pressure variations.
4. Conclusion

This study has demonstrated the processing-structure relation-
ship of core only soft PDMS POFs and core/clad (PDMS/THV) POFs.
The combination of moulding in tube strategy and dip coating pro-
vides a fast and facile approach to the processing of core only or
core/clad POFs with mechanical and optical properties on par with
state of the art. The mechanical and optical properties of these
elastic core only PDMS POFs can be tuned by the proper selection
of the right chemical formulation of PDMS (i.e., base to crosslinker
ratio) and processing parameters such as curing temperature and
curing time. The combination of low optical light attenuation and
tunable elastomeric-like mechanical properties makes this plat-
form particularly relevant for biomedical applications. Further-
more, PDMS/THV POFs (core/clad) have been developed by the
dip coating process and heat treatment (HT) of the THV cladding.
The dip coating process provided a thin, protective THV cladding,
and HT led to the enhancement of the mechanical strength of
core/clad POFs. The developed soft POFs in this work demonstrated
the load and pressure sensing capability with sensitivity to loads as
low as 0.1 N and highly accurate pressure sensing up to 300 kPa
respectively. Moreover, the PDMS POFs were successfully inter-
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gated into the textile patch, which was used to successfully
demonstrate the continuous measurements of human body move-
ments in real time. Our study revealed the full property space of
PDMS based POFs and will allow researchers to tailor the mechan-
ical and optical properties of these POFs on demand, as required in
sensing applications. Moreover, the processing parameters of this
work are not only limited to POFs but could also be harnessed to
process and design various kinds of optical sensors from biomedi-
cal to soft robotics based applications in the form of PDMS films or
other design configurations.
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