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Abstract: The objective of this paper is to study the ability of polymer optical fiber (POF) to be
inserted in a knitted fabric and to measure both pressure and friction when walking. Firstly, POF,
marketed and in development, have been compared in terms of the required mechanical properties
for the insertion of the fiber directly into a knitted fabric on an industrial scale, i.e. elongation,
bending rigidity, and minimum bending radius before plastic deformation. Secondly, the chosen
optical fiber was inserted inside several types of knitted fabric and was shown to be sensitive to
friction and compression. The knitted structure with the highest sensitivity has been chosen for sock
prototype manufacturing. Finally, a feasibility study with an instrumented sock showed that it is
possible to detect the different phases of walking in terms of compression and friction.

Keywords: smart textiles; polymer optical fiber; pressure sensor; friction sensor; plantar pressure;
gait analysis

1. Introduction

For several years, smart textiles have been a fast-growing development and there has been
an increasing market for these materials. In these textiles, optical fibers can be integrated as sensors for
various applications [1], for instance as monitoring of structures in civil engineering [2], seat occupancy
in automotive industry [3–5], and position analysis [6,7]. However, these textiles are particularly
interesting in the field of medical textiles. In the health and wellbeing domain, smart textiles are now
used in various monitoring and therapy applications, making it possible to integrate the measurement
of physiological parameters into daily life, or specific activities [8,9]. Furthermore, these textiles
allow the taking of measurements at the surface of the skin without causing discomfort to the patient.
The design of smart textiles for health and wellbeing monitoring is undergoing constant evolution
and different strategies can be used: sensor yarn directly from the yarn constitutive material [10,11]
or from a coating [12], sensor coating [13], or printing [14] on textiles. The sensor materials can be
piezo-resistive [10,12–17], or piezoelectric [11,18,19]. The use of optical fibers for their light transmission
and diffusion properties [20–22], or their sensor properties [23], offers new possibilities in the smart
textile field, but this area has been less explored than the piezo-resistive effect.

The goal of this paper is not to compare the different sensing technologies but to prove
the ability of POF to be inserted in a fabric, from an industrial machine, and to measure not
just pressure, but also friction, when walking. Currently, by using optical fibers, it is possible
to monitor various physiological parameters such as breathing rate [24–28], cardiac rate [24,29],
pulse oximetry [30], and pressure [3,31–33]. Indeed, some polymer optical fibers (POFs) present
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several desirable properties such as a high bending ability, which can allow for easy integration
within a textile [34,35]. Various studies have already shown that POFs can be integrated into textiles
by weaving [3,32,36], sewing [25], and embroidery [30]. However, few studies have dealt with the
integration of POFs into knitted structures [37,38], which is essential for near-to-body applications and
to provide comfort.

One of the most important points regarding the integration of POFs is that this must be possible,
directly, during the manufacturing processing, in the same way as basic textile yarns, meaning that
POF must support the constraints of textile processing. In this study, the focus is on the use of POFs as
pressure and friction sensors, by integrating them from an industrial scale-up into a textile, and more
precisely, into a knitted structure such as a sock to allow measurement of the pressure and friction on
the feet/sock/shoe system.

One possible application is the design of a monitoring sock that can detect conditions that are
conducive to the development of pressure sores in diabetic foot pathology. The diabetic foot is
a pathology with a prevalence of 6.4% worldwide [39], and which continues to increase. A knowledge
of the pressure and friction under the foot is also essential in detecting favorable conditions for the
development of a decubitus ulcer [40–43]. One approach consists of inserting sensors into a shoe insole,
and the sensors may be optical fiber-based [44–48]. However, from a tribological point of view, it is
better to take measurements of pressure and friction, as far as possible, at the investigating contact,
i.e. the surface of the skin, or within the sock, rather than at an area further away, such as on the shoe
sole, for example. Some smart socks have been reported in the literature or are on the market. They can
measure the pressure on the foot at several positions within the sock, localized on specific areas of
the sole, using piezo-resistive yarns [49–52] patches made from yarn [53] or polymer plate [54,55].
Other proposed methods include socks sensitive on the whole surface with a specific sensor yarn
integrated in the socks, such as Alpha-Fit [56], or made from a piezo-resistive complex of three layers of
2D fabrics sewn to obtain a foot shape and adapted only for prosthesis [57], or the forming of a sensor
sewn on the sock [58].

With weft knitting technology, it is possible to directly produce shaped 3D knits with the inlay
technology that is commonly used for compression stockings, allowing the reinforcement of knits with
precise control over the position of the inlay yarn inside the structure. The aim of this study was to
determine the properties of different POFs in terms of the constraints applied during knitting, in order
to choose the best POF for knitting. The chosen POF was then knitted into 2D fabrics and its behavior
was analyzed under friction and compression. Finally, optical fibers were knitted directly into a sock,
and a feasibility study of the detection of compression and friction during walking was performed.

2. Materials and Methods

2.1. POF Implementation in Knitted Structures

A sock is a 3D shape made from loops obtained by knitting. A knitted fabric is made up of
interconnected loops made from a yarn (Figure 1a). During the knitting process, the yarn is stressed
in bending, traction and friction, against metallic parts of the machine [59–61]. In the knitted fabric,
the yarn is drastically bent to form a loop. During the process, the curvature, subjected on the yarn,
depends on the stitch length (in mm/stitch) and the needle thickness. However, an important curvature
has to be avoided with an optical fiber, because of a loss of the light signal at the output of the fiber.
For the intended application, the POF had to be inserted into the fabric in such a way as to avoid
curvature, meaning that it could not be directly knitted, forming a loop, but had to be as straight as
possible within the fabric structure. The chosen solution was to insert an inlay yarn inside the structure
(Figure 1b). This solution is commonly used for elastic yarn in the socks ribbing part, for example.
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Figure 1. (a) Example of a knitted structure with loops (single jersey); and (b) the same knitted structure
with an inlay yarn (the ground yarn making loops is shown in black and the inlay yarn in grey).

Another advantage of inlay is that during the process, tension and friction are acting on the inlay
yarn to a lesser extent than on the ground yarn.

However, even if the inlay yarn is straight in the structure, when in use, the knitted fabric is
handled and stressed in tension and bending, corresponding, essentially, to bending of the yarn,
sometimes under critical curvature. Therefore, the POF has to be flexible, i.e. to have a low bending
rigidity B, which depends on the Young’s modulus E and the moment of inertia of the cross-section I,
and which, for a circular fiber, is:

B = E·I = E·
π·d4

64
(1)

where d is the diameter of the fiber.
Moreover, the POF has to be elastic, i.e., recover its integrity after bending.
Therefore, this work focused on two kinds of characterization: tensile properties and bending

properties, even if the required properties of the yarn in the industrial process are not quantified and
are instead empirically determined by testing on a knitting machine.

Tensile tests were carried out using an MTS tensile machine with a specific fixation system to
avoid sliding and breaking at the grippers. A 2 kN sensor was used, and the tests were carried out
with a speed of 500 mm/min.

The bending properties of the fibers were then investigated. These tests were performed with
an optical fiber, 30 cm in length, with various radii of curvature (R varied from 0.5 mm to 2.5 mm).
An axial tension of 1.6 cN/tex was applied on the yarn (where a tex is a unit corresponding to the
weight in grams of 1 km of yarn), as shown in Figure 2. This corresponds to the normal tension applied
on the yarn during the knitting process.

Figure 2. Principle of the bending behavior test.

For the ground yarn made of classical textile fiber, three basic knitted structures were chosen:
a single jersey, a 1 × 1 rib and a 1 × 1 interlock. The single jersey was thinner than the other two
fabrics, and the 1 × 1 interlock was denser than the 1 × 1 rib. Single jersey is composed only of a single
side (with face stitches), while 1 × 1 rib and 1 × 1 interlock have two sides (face and reverse stitches).
The optical fiber was inserted into the knitted structure by wedging it between the wales of the stitches
(Figure 1b).
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These structures were made using an industrial flat knitting machine CMS multi gauge ADF 32
BW from Stoll AG & Co. (Reutlingen, Germany). Although socks are typically made on dedicated
hosiery machines, the advantage of the machine used here was its versatility and thus the ability to
knit all kinds of 3D shapes, for example socks, but also complex 3D shapes in the same way as a real
additive manufacturing machine.

2.2. Polymer Optical Fibers

Optical fibers, produced with different polymers, were analyzed in order to determine which
was most suitable to be integrated into a textile structure. Because of the need to have flexible POFs,
polycarbonate (PC) and polymethylmethacrylate (PMMA) fibers have been avoided. Three different
POFs have been investigated:

• GigaPOF 50-SR from Chromis Fiberoptics (Warren, NJ, USA), made with perfluorinated polymer
CYTOP® [62], with a core diameter of 50 µm and a cladding of 490 µm. According to the
manufacturer, this POF supports a maximum tensile load of 7 N and has a minimum bending
radius of 5 mm.

• A bi-component fiber made of cyclo-olefin/fluorinated polymer and provided by Empa (ref. 1144),
with a diameter of 144 ± 4 µm.

• A mono-component fiber using a Geniomer® 100 polymer, with a diameter of 824 ± 13µm, also
produced by Empa (ref.1263).

Previous studies have described the various properties of these fibers, for GigaPOF [3–5,35] and
for Empa POFs [30,63,64].

2.3. Friction and Compression Measurements

Friction and compression were measured using a tribometer designed for friction measurement
and adapted to measure transmitted light. This tribometer was composed of a translation table (model
M-ILS100CC, Newport Corporate, Irvine, CA, USA) in which a triaxial load cell (model 3A60-20N,
Interface Inc., Scottsdale, AZ, USA) was integrated, in order to measure the normal load and the
tangential load during the test. The normal load was applied with a fixed arm, and its vertical position
was modified to apply the desired normal load. The system is represented in Figure 3a. In this study,
the slider has a rectangular sole with an area of 1.5 cm2 (1.5 cm length and 1.0 cm width) and is covered
with Lorica®, which has frictional properties close to those of the human skin [65]. Furthermore,
an artificial skin (polyurethane elastomer BIOSKIN with rough surface, Beaulax Co., Saitama, Japan)
was placed underneath the knit to give the same hardness as real skin.

Figure 3. (a) Picture of the measurement system and schematization of the testing configuration for (b)
compression tests and (c) friction tests.
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The compression tests consisted of applying a cyclic normal load to the optical fiber (Figure 3b).
Friction tests were realized using a normal load on the optical fiber, with a sliding distance of 30 mm
perpendicular to the POF, and a sliding speed of 20 mm/s. Five cycles were carried out for each
measurement (see Figure 3c).

Friction and compression tests were performed under four normal loads, 0.45, 3, 10, and 18 N,
in order to give a pressure between 3 kPa (touch pressure) and 120 kPa (mean of the dynamic
pressure during walking) [43,66]. In order to obtain repeatable and reproducible results, measurement
was performed on five samples for each normal load and was repeated five times for each sample.
Each test also involved five compression/friction cycles, meaning that for each normal load and each
configuration, 125 measurements were performed.

2.4. Light Measurement

A light was added to the friction and compression setup in order to connect the optical fibers
to a halogen white light source (Avalight HAL 10 W, Avantes, Apeldoorn, Netherlands). The optical
fibers were coupled by means of SMA connectors (Thorlabs Inc., Newton, NJ, USA).

The light measurement relied on the light transmission through the optical fiber, and the irradiance
was recorded and converted into voltage by a photodiode (model 918D-SL-OD3R, Newport Corporate,
Irvine, CA, USA). The photodiode signal was connected to a Pulse data recorder (Brüel & Kjaer,
Mennecy, France).

The light source and the coupling stability have been investigated in previous work, and it has
been shown that they can be considered constant [67]. Hence, the transmission of the light only depends
on the fiber deformation due to pressure and friction. Because the fiber does not have exactly the
same path from one sample to another, the absolute irradiance is not the same. Therefore, the relative
irradiance will be considered, and more precisely, the irradiance loss for all the results:

Irradiance loss(i) =
Irradmax − Irradi

Irradmax
(2)

Irradi: instantaneous irradiance; Irradmax: maximal irradiance of the fiber during test (without
applied load).

The irradiance loss varies from zero (no loss of light, i.e. when no stress is applied to the POF) to
100% (when no light is transmitted through the POF due to the applied stresses).

3. Results

3.1. 2D Knitted Fabrics with Insertion of Optical Fibers

3.1.1. Choice of Polymer Optical Fiber

In order to determine the POF that is best suited to integration into a knitted structure, as explained
in Section 2.1, the bending rigidity and recovery of the POFs after bending have been evaluated.

Figure 4 presents the load-strain curves obtained for the three POFs. It can be clearly seen that the
bi-component POF has the lowest tensile properties. The GigaPOF 50-SR and the Geniomer® POF have
a large elongation at breaking, while the core of the GigaPOF 50-SR fiber broke at the beginning of the
tensile test, i.e. around 5% of elongation, although the cladding showed higher tensile properties and
did not break immediately. Hence, the curves presented here over-evaluate the real loading at breaking
for this fiber. The Geniomer® POF allowed a high level of elongation, which is compatible with
textile applications. From these force-elongation curves, and the fiber section, the Young’s modulus of
each POF has been calculated (Table 1). It can be observed that despite its high diameter, the Empa
Geniomer® POF is the least rigid.
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Figure 4. Load-strain curve for the three studied optical fibers: Empa bi-component (black),
Empa Geniomer® (dark grey) and GigaPOF 50-SR (soft grey).

The bending rigidity (Equation (1)) has been calculated (Table 1), and the most flexible is the
Empa Geniomer® POF.

Table 1. Young’s moduli and bending rigidity of the POFs used. *POF provided by the Empa.

Optical Fiber Type Young’s Modulus (GPa) Bending Rigidity (10−9 N·m2)

GigaPOF 50SR 2.1 ± 0.1 44 ± 3
Bi-component POF* 4.7 ± 0.4 96 ± 18

Geniomer® POF* 0.10 ± 0.02 2.0 ± 0.4

For the bending recovery test (Figure 2), the curvature under tension was applied to the fiber for
30 s then the load was removed. A picture of the fiber was taken just after the removal of the tension
and again after 2 min. Figure 5 shows the aspect of the fibers immediately after removal of the tension
and after 2 min, for a radius of 1mm.

Figure 5. Evaluation of the plastic behavior of optical fibers under bending, with a radius of 1 mm:
Empa Geniomer® (a) before testing and (d) 2 min after testing; Empa bi-component (b) before testing
and (e) 2 min after testing; GigaPOF 50-SR (c) before testing and (f) 2 min after testing.

The results show that the GigaPOF 50-SR and the bi-component fibers demonstrated plastic
behavior for bending radii smaller than 5 mm and 4 mm, respectively. However, the mono-component
fiber from Empa, with Geniomer®, underwent elastic deformation, even for a bending radius of 1 mm.
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For this reason, Geniomer® POF was chosen as the best candidate for industrial insertion into
a knitted structure, as it showed the best bending properties.

3.1.2. 2D Knitted Fabrics

Insertion of the optical fiber into the knitted structure was realized using the inlay technique for
three knitted structures, as described in Section 2.1. Figure 6 presents the obtained knits. Five samples
were produced for each type of fabric. The stitch lengths (the length of the ground yarn in a single
loop, in cm/stitch) were measured according to the NF EN 14970 standard. The results were
0.74 ± 0.01 cm/stitch for the single jersey, 0.89 ± 0.01 cm/stitch for the 1 × 1 rib, and 0.88 ± 0.01 cm/stitch
for the 1 × 1 interlock. Figure 6a highlights the curling effect of the single jersey, which was not shown
by the other knitted fabrics (Figure 6b,c).

Figure 6. Pictures of the knitted fabrics: (a) single jersey; (b) 1 × 1 rib; and (c) 1 × 1 interlock fabrics.
The scale bar indicates 10 mm.

3.2. Knitted Fabric Compression Sensitivity

The goal of this section is to determine the best structure for compression measurement.

3.2.1. Measurement Repeatability and Reproducibility

In order to determine the repeatability of the measurement setup, five consecutive compression
cycles were made for each sample under the same testing conditions. The five measurements were
made from the same sample.

For repeatability evaluation, the procedure consists of measuring normal load and irradiance loss
(Equation (2)) for a sample under compression. The sample was removed and replaced after each
measurement. The experience has been done for a sample per structure and for each normal load.
Figure 7 presents the results for the knitted jersey fabric under compression conditions of 3 N load.
The results show that the repeatability of the measurement is good, with a mean CV% of the maximum
irradiance loss from all the tests calculated from the CV% for each normal force; each knitted structure
and each sample is less than 8%.

In another way, the reproducibility of the measurements and particularly the behavior of the
optical fiber was investigated using measurements of five different samples with the same structure.
This test was done for each structure and each normal load. Figure 8 presents the results for compression
loading and irradiance loss obtained for the jersey knitted structure for a load of 3 N. The results show
the reproducibility from one sample to another. The results obtained show a prior calibration of the
POF will be needed for a commercial use. In fact, the mean CV% of the maximum irradiance loss from
all the tests calculated from the CV% for each normal force and each knitted structure is 36%.

This defect in reproducibility is due to a non-perfectly flat POF cross section and a non-perfect
connection, possibly due to an irregularity of the POF.
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Figure 7. Repeatability of the measurement: evolution of the compression load (a) and irradiance loss
(b) for a compression test (example with single jersey under a nominal load of 3 N). The black line
represents the average curve and the gray area the standard deviation.

Figure 8. Reproducibility of the measurement: evolution of the compression load (a) and irradiance
(b) for a compression test (example with single jersey under a nominal load of 3 N). The black line
represents the average curve and the gray area the standard deviation.

3.2.2. Influence of the Knitted Fabric Structure

In order to determine the best structure, the sensitivity of the whole sensor, i.e., knitted fabric
with inlaid POF, was determined during compression.

Figure 9 shows the evolution of the mean loss of irradiance with respect to the compression load
applied on the optical fiber for the three knitted structures investigated. Each mark corresponds to
125 measurements (five cycles per measurement, five measurements per sample, five samples per
structure). The curves can be fitted by a second-order polynomial with a coefficient of determination
higher than 0.99 (Table 2).
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Figure 9. Evolution of the loss of irradiance relative to the applied compression load for the three
knitted structures with the error bars representing the standard deviation. The dotted lines correspond
to the second order fitting curves.

Table 2. Coefficients of the second order polynomial y = ax2 + bx + c for compression (compression
load) and friction tests (normal and tangential loads) for the three knitted structures studied with all
the curves R2 > 0.99.

Knitted Structure Normal Force During
Compression Test (N)

Normal Force During
Friction Test (N)

Tangential Force
During Friction Test (N)

Single jersey a = −0.17; b = 6.88;
c = 1.10

a = −0.16; b = 6.67;
c = 10.07

a = −0.88; b = 16.25;
c = 4.92

1 × 1 rib a = −0.06; b = 4.60;
c = −1.57

a = −0.08; b = 5.36;
c = 1.43

a = −0.41; b = 11.58;
c = −2.39

1 × 1 interlock a = −0.14; b = 5.77;
c = −1.48

a = −0.13; b = 5.67;
c = 15.98

a = −0.73; b = 13.67;
c = 11.95

The evolution of the irradiance loss, relative to the compression load, shows a polynomial
evolution, and there is correlation of the irradiance loss with the compression load, i.e., the fiber
deformation. The single jersey presents the highest values of irradiance loss, and therefore the highest
sensitivity. This may be due to the fact that this structure was the thinnest. The optical fibers in
this fabric are more stressed in compression than the optical fibers within the 1 × 1 rib and 1 × 1
interlock, since in these structures the optical fiber is more protected because of the number of sides
(see Section 2.1)

3.3. Knitted Fabric Friction Sensitivity

3.3.1. Measurement Repeatability and Reproducibility

The repeatability and reproducibility of the measurements was investigated using the same
sample under the same testing conditions as used in Section 3.2.1 for compression. Due to the results
obtained from the compression test, the results are expressed in terms of irradiance loss.

The repeatability of the measurement is illustrated in Figure 10, which, as an example, presents the
results obtained for the single jersey knitted fabric, corresponding to five measurements on the same
sample. It can be observed that the repeatability is good, with a mean CV% of the maximum irradiance
loss from all the tests, calculated from the CV% for each normal force, each knitted structure and each
sample, is 20%.
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Figure 10. Repeatability of the measurements: (a) evolution of the normal force and (b) evolution of
the loss of irradiance relative to the displacement of the slider for five repetitions of the measurement
on the same single jersey sample under a nominal load of 10 N. The black line represents the average
curve and the gray area the standard deviation.

The reproducibility of the measurements and the behavior of the optical fibers were investigated
for five samples and are illustrated in Figure 11, which presents the results obtained for the single
jersey knitted fabric under friction conditions of a 10 N load. The two parts of the normal force and
irradiance loss signals, representing the forward and backward cycles, are shifted due to the movement
of the optical fiber inside the structure and the fact that the knit is not glued to the BIOSKIN. This shift
can also be observed in the irradiance loss. It can be concluded that the reproducibility obtained for
five different samples is quite good. In fact, the mean CV% of the maximum irradiance loss from all
the tests, calculated from the CV% for each normal force and each knitted structure, is 44%.

Figure 11. Reproducibility of measurements: (a) evolution of the normal force and (b) evolution
of the loss of irradiance relative to the displacement of the slider for five samples of single jersey
under a nominal load of 10 N. The black line represents the average curve and the gray area the
standard deviation.

3.3.2. Influence of the Knitted Fabric Structure

The sensitivity of the three instrumented textile fabrics has been tested in friction. Figure 12
shows the raw signal of the normal load (Figure 12a), tangential load (Figure 12b), coefficient of
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friction computed from the two previous curves (Figure 12c), and the evolution of the irradiance loss
(Figure 12d), relative to the displacement. It can be seen that the normal load gives a higher value for
certain displacement values, corresponding to the moment when the slider is located above the optical
fiber. The increase in the irradiance loss occurs when the normal load is the highest, indicating that it is
due to the friction of the slider on the optical fibers. Based on these results, the means of the normal load,
tangential load and irradiance loss were calculated for the optical fiber displacement due to friction,
using the 125 measurements for each condition (five cycles per measurement, five measurements per
sample, five samples per structure).

Figure 12. Evolution of (a) the normal load, (b) tangential load, (c) coefficient of friction, and (d) the loss
of irradiance relative to displacement for the single jersey knit under a nominal load of 10 N. The grey
line shows the forward and the black the backward cycle of the slider. Each curve corresponds to the
average of 25 measurements.

Figure 13 shows the evolution of the irradiance loss relative to the normal applied load (Figure 13a)
and the evolution of the irradiance loss relative to the tangential load (Figure 13b). The experimental
curves were fitted with a second order polynomial trend line, and the equations of the fitting curve are
given in Table 2.

The irradiance loss increases with both the normal load and the tangential load. In this case,
the single jersey and the 1 × 1 interlock structures show similar behavior, and the 1 × 1 rib structure
shows the smallest irradiance loss and the least sensitivity. Therefore, from the compression and
friction tests, it appears that the structure giving the highest sensitivity is the single jersey. Therefore,
this structure was chosen for the sock.
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Figure 13. Evolution of the irradiance loss relative to (a) the normal load applied and (b) the tangential
load for the three knitted fabrics, with the error bars representing the standard deviation.

During the friction tests, several phenomena occur in the optical fibers, arising from a combination
of compression and friction due to the movement of the slider. Since the knits are not glued to the
BIOSKIN, the optical fiber tends to move during the tests and to bend at the surface of the fabric
(Figure 14). This also modifies the path of the light inside the optical fiber and has an impact on the
irradiance loss. At the scale of the knitted structure, this phenomenon can be explained by the fact
that the single jersey and 1 × 1 interlock fabrics have structures in which the optical fibers are more
supported, meaning that their movement inside the structure is less significant. When the fabric moves,
the optical fiber follows the movement of the knit, causing a large deflection of the POF and higher
irradiance loss.

Figure 14. Deflection of the POF at the back of the slider in the single jersey fabric. The direction of
movement is indicated by the arrow.

Conversely, for the 1 × 1 rib, which has fewer interlacing points between two consecutive courses,
the optical fiber is less supported inside the structure, and the optical fiber moves less than the knit
during the friction. This explanation is confirmed by the deflection value of the POF at the back of the
slider for the different structures (Figure 15). For the 1 × 1 rib, the deflection is lower than for the 1 × 1
interlock and single jersey structures.

In conclusion, from the compression and friction tests, it appears that the structure giving the
highest sensitivity is the single jersey. Therefore, this structure was chosen for the sock.
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Figure 15. Deflection values of the POF at the back of the slider for the three fabrics.

3.4. Knitted Fabric Friction Force Sensitivity

During the compression and friction tests, a normal load is applied on the fabric, but only in the
friction test was a tangential force also applied. The goal of this section is to determine if the knitted
fabric, with the implemented POF, is sensitive to normal force and to friction force, i.e., tangential force.
The three knitted structures are used in this section.

Figure 16 presents a comparison of the irradiance loss obtained in the compression tests and the
friction tests for the three knitted fabrics. It can be shown that under a given normal load, the irradiance
loss is always higher in the friction tests than in the compression tests for all three structures.

Figure 16. Comparison between the evolution of the irradiance loss as a function of the normal load
during friction (Fnorm) or compression tests (Fcomp) for (a) single jersey; (b) 1 × 1 rib; (c) 1 × 1 interlock,
with the error bars representing the standard deviation.



Sensors 2019, 19, 3011 14 of 19

It can therefore be concluded that the optical fiber is more sensitive to friction, including normal
and tangential load, than compression under the same normal load.

4. Proof-of-Concept of the e-Knitted Textile with POF for Walking Monitoring

A sock, with the Empa Geniomer® POF inlaid in a single jersey ground, has been knitted. In order
to determine whether the chosen optical fibers were able to measure the pressure and friction during
walking, several experiments were performed after the insertion of three optical fibers at three different
positions inside the sock: heel, mid-foot and metatarsal areas (Figure 17). These zones correspond to
the foot pressure zones [42,43,68].

Figure 17. (a) Picture of the knitted sock with the three optical fibers; (b) magnification of the optical
fiber at the heel position; (c) setting up the accelerometer.

Figure 18 shows the evolution of the light signal from the three POFs in the different areas and for
several walking steps. It can be clearly seen that these results are reproducible.

Figure 18. Evolution of the irradiance loss during walking at 2 km/h for three optical fibers placed
at three different positions under the feet, for three walking steps. Each curve is the average of
five measurements.

In order to identify the different phases of the walk, an accelerometer was put on the shoe
(Figure 17c) to synchronize with the POF’s signals. The starting point was determined with a video
to correspond with the moment when the foot leaves the ground (Figure 19a). This point is used as
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a trigger for the signals from the three POFs. Figure 19b presents the results for the irradiance loss
evolution (0% corresponds to the maximum irradiance during the gait).

Figure 19. Evolution as a function of time of (a) the acceleration signals and (b) the light signals
during walking at 2 km/h for three optical fibers placed at different positions under the foot and the
corresponding step of the walking gait. Each curve is the average of five measurements. The plain
lines represent the average curves and the gray areas the standard deviation.

Under the present conditions, i.e. mean velocity and step length, the duration of the walking cycle
was approximately 1.7 s (Figure 19a,b).

From Figure 19b, it can clearly be seen that the three optical fibers measure the different values for
the light during walking. This means that the optical fibers inserted in the sock are sensitive to walking,
and that the irradiance loss is highest when weight is applied to the optical fibers. Moreover, the three
optical fibers show different types of light evolutions, meaning that it is possible to differentiate the
fiber position from the irradiance signal. The heel area is first to come into contact with the ground,
then the mid-foot area is in contact with the ground over a similar period to that of the metatarsal
area. The heel and metatarsal areas are in continuous and constant contact around 0.5 s, while the
mid-foot shows a maximum loss at 1.2 s after the beginning of the walking gait. This phenomenon
may be explained by two mechanisms:

• In the mid-foot area, the real contact area is small, i.e. the external lateral area of the foot (isthmus),
• The change in the mid-foot cross-sectional shape induces a change in the global curvature of the

POF. The mid-foot area is formed by softer tissues than the heel and metatarsal areas, and the
sectional shape of the mid-foot changes during walking, which causes a change in the optical
fibers leading to a modification of the light transmission.

These results confirm the feasibility of friction and pressure monitoring, allowing the evolution of
these parameters to be studied during walking.

This experiment proves the measurement of friction and compression during walking is possible
from a sock instrumented with a POF. However, this study has been done with a single participant,
therefore, further investigations, with a greater number of volunteers, have to be arranged to really
appreciate the limit of this configuration.
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5. Conclusions

The aim of this study was to determine the necessary properties of optical fibers to be inserted
inside a knitted structure and to choose a fiber based on these properties. The chosen POF is the
Geniomer® 100 made by Empa with a 0.8 mm diameter, which will be reduced in the future. The optical
fibers were inserted by inlay inside three knitted fabrics, and the behavior under compression and
friction of the optical fibers was analyzed.

It was shown that the POF inside the knitted fabric is sensitive to both compression and friction.
The sensitivity is higher under friction tests, when normal and tangential loads are combined.
The chosen knitted structure is the single jersey which gives the fabric with the highest sensitivity.

Finally, a feasibility study regarding the behavior of optical fibers during walking was carried out.
For this, three optical fibers were inserted inside a sock in three different zones. The results show that
the optical fibers allow a walking gait to be maintained and measure stresses acting on the fibers in
different zones.
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Conference, İzmir, Turkey, 26–28 May 2009.

38. Oscarsson, L.; Jacobsen Heimdal, E.; Lundell, T.; Peterson, J. Flat knitting of a light emitting textile with
optical fibres. Autex Res. J. 2009, 9, 61–65.

39. International Diabetes Federation. Diabetes Atlas, 8th ed.; International Diabetes Federation: Brussels,
Belgium, 2017; ISBN 978-2-930229-87-4.

40. Boulton, A.J.M. Pressure and the diabetic foot: Clinical science and offloading techniques. Am. J. Surg. 2004,
187, S17–S24. [CrossRef]

41. Bus, S.A.; van Deursen, R.W.; Armstrong, D.G.; Lewis, J.E.; Caravaggi, C.F.; Cavanagh, P.R.; International
Working Group on the Diabetic Foot. Footwear and offloading interventions to prevent and heal foot ulcers
and reduce plantar pressure in patients with diabetes: A systematic review. Diabetes Metab. Res. Rev. 2016,
32 (Suppl. 1), 99–118. [CrossRef] [PubMed]

42. Cavanagh, P.R.; Bus, S.A. Off-loading the diabetic foot for ulcer prevention and healing. J. Vasc. Surg. 2010,
52, 37S–43S. [CrossRef] [PubMed]

43. Halawa, M.R.; Eid, Y.M.; El-Hilaly, R.A.; Abdelsalam, M.M.; Amer, A.H. Relationship of planter pressure
and glycemic control in type 2 diabetic patients with and without neuropathy. Diabetes Metab. Syndrome
2018, 12, 99–104. [CrossRef] [PubMed]

44. Leal Junior, A.G.; Frizera, A.; Avellar, L.M.; Marques, C.; Pontes, M.J. Polymer optical fiber for in-shoe
monitoring of ground reaction forces during the gait. IEEE Sens. J. 2018, 18, 2362–2368. [CrossRef]

45. Domingues, M.F.; Tavares, C.; Leitao, C.; Frizera-Neto, A.; Alberto, N.; Marques, C.; Radwan, A.; Rodriguez, J.;
Postolache, O.; Rocon, E.; et al. Insole optical fiber Bragg grating sensors network for dynamic vertical force
monitoring. J. Biomed. Opt. 2017, 22, 91507. [CrossRef]

46. Vilarinho, D.; Theodosiou, A.; Domingues, M.F.; Antunes, P.; Kalli, K.; André, P.; Marques, C.A.F. Foot plantar
pressure monitoring with CYTOP Bragg Gratings sensing system. In Proceedings of the 11th International
Joint Conference on Biomedical Engineering Systems and Technologies (BIOSTEC 2018), Funchal, Portugal,
19–21 January 2018; Volume 1, pp. 25–29. [CrossRef]

47. Najafi, B.; Mohseni, H.; Grewal, G.S.; Talal, T.K.; Menzies, R.A.; Armstrong, D.G. An Optical-Fiber-Based
Smart Textile (Smart Socks) to Manage Biomechanical Risk Factors Associated with Diabetic Foot Amputation.
J. Diabetes Sci. Technol. 2017, 11, 668–677. [CrossRef]

48. Rahemi, H.; Nguyen, H.; Lee, H.; Najafi, B. Toward smart footwear to track frailty phenotypes—using
propulsion performance to determine frailty. Sensors 2018, 18, 1763. [CrossRef]

49. Perrier, A.; Vuillerme, N.; Luboz, V.; Bucki, M.; Cannard, F.; Diot, B.; Colin, D.; Rin, D.; Bourg, J.P.; Payan, Y.
Smart diabetic socks: Embedded device for diabetic foot prevention. IRBM 2014, 35, 72–76. [CrossRef]

50. Oks, A.; Katashev, A.; Zadinans, M.; Rancans, M.; Litvak, J. Development of smart sock system for gate
analysis and foot pressure control. In Proceedings of the XIV Mediterranean Conference on Medical and
Biological Engineering and Computing, Paphos, Cyprus, 31 March–2 April 2016; pp. 472–475.

51. Eizentals, P.; Katashev, A.; Oks, A.; Pavare, Z.; Balcuna, D. Detection of excessive pronation and supination
for walking and running gait with smart socks. In Proceedings of the World Congress on Medical Physics
and Biomedical Engineering 2018, Singapore, 30 May 2018; pp. 603–607.

52. Eizentals, P.; Katashev, A.; Oks, A. Gait analysis by using Smart Socks system. IOP Conf. Ser. Mater. Sci. Eng.
2018, 459, 012037. [CrossRef]

53. Esposito, M.; Macagno, M.; Giancarlo Vigano, D. Sensors, Interfaces and Sensor Systems for Data Collection
and Integrated Remote monitOring of Conditions at or Near Body Surfaces. U.S. Patent 8,925,392 B2,
6 January 2015.

http://dx.doi.org/10.1364/BOE.8.004316
http://dx.doi.org/10.1016/S0002-9610(03)00297-6
http://dx.doi.org/10.1002/dmrr.2702
http://www.ncbi.nlm.nih.gov/pubmed/26342178
http://dx.doi.org/10.1016/j.jvs.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20804932
http://dx.doi.org/10.1016/j.dsx.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28964719
http://dx.doi.org/10.1109/JSEN.2018.2797363
http://dx.doi.org/10.1117/1.JBO.22.9.091507
http://dx.doi.org/10.5220/0006533700250029
http://dx.doi.org/10.1177/1932296817709022
http://dx.doi.org/10.3390/s18061763
http://dx.doi.org/10.1016/j.irbm.2014.02.004
http://dx.doi.org/10.1088/1757-899X/459/1/012037


Sensors 2019, 19, 3011 19 of 19

54. Lin, X.; Seet, B. A linear wide-range textile pressure sensor integrally embedded in regular fabric. IEEE Sens. J.
2015, 15, 5384–5385. [CrossRef]

55. Lin, X.; Seet, B. Battery-free smart sock for abnormal relative plantar pressure monitoring. IEEE Trans. Biomed.
Circ. Syst. 2017, 11, 464–473. [CrossRef] [PubMed]

56. Von Lillienfeld-Toal, H.; Asfour, J.-M. Pressure Sensor. U.S. Patent 7 770 473 B2, 10 August 2010.
57. Leong, J.; Parzer, P.; Perteneder, F.; Babic, T.; Rendl, C.; Vogl, A.; Egger, H.; Olwal, A.; Haller, M. proCover:

Sensory augmentation of prosthetic limbs using smart textile covers. In Proceedings of the 29th Annual
Symposium on User Interface Software and Technology, Tokyo, Japan, 16–19 October 2016; pp. 335–346.

58. Ferreira, A.; Catarino, A.; Monteiro, J.; Rocha, A. Textile-based pressure sensors for step detection:
a preliminary assessment. IOP Conf. Ser. Mater. Sci. Eng. 2018, 459, 1–6. [CrossRef]

59. Cooke, W.D.; Kamal, M.S. Effect of Twist Factor on the Knitability of Combed Cotton Yarn. Text. Res. J. 1986,
56, 679–682. [CrossRef]

60. Lau, K.W.; Dias, T. Knittability of High-modulus Yarns. J. Text. Inst. 1994, 85, 173–190. [CrossRef]
61. Sasaki, T.; Kuroda, K. Evaluation and Measurement of Knittability. J. Text. Mach. Soc. Jpn. 1975, 21, 9–16.

[CrossRef]
62. Fong, N.R.; Berini, P.; Tait, R.N. Mechanical Properties of Thin Free-Standing CYTOP Membranes.

J. Microelectromech. Syst. 2010, 19, 700–705. [CrossRef]
63. Quandt, B.M.; Scherer, L.J.; Boesel, L.F.; Wolf, M.; Bona, G.L.; Rossi, R.M. Body-monitoring and health

supervision by means of optical fiber-based sensing systems in medical textiles. Adv. Healthc. Mater. 2015, 4,
330–355. [CrossRef]

64. Quandt, M. Optical Fibre Textiles in Non-Invasive Medical Applications. Ph.D. Thesis, ETH,
Zurich, Switzerland, 2016.

65. Derler, S.; Schrade, U.; Gerhardt, L.C. Tribology of human skin and mechanical skin equivalents in contact
with textiles. Wear 2007, 263, 1112–1116. [CrossRef]

66. Pabon-Carrasco, M.; Juarez-Jimenez, J.M.; Reina-Bueno, M.; Cohena-Jimenez, M. Behavior of provisional
pressure-reducing materials in diabetic foot. J. Tissue Viabil. 2016, 25, 143–149. [CrossRef]

67. Peyre, K.; Tourlonias, M.; Bueno, M.-A.; Spano, F.; Rossi, R.M. Tactile perception of textile surfaces from
an artificial finger instrumented by a polymeric optical fibre. Tribol. Int. 2019, 130, 155–169. [CrossRef]

68. Obolenskiy, V.N.; Protsko, V.G.; Komelyagina, E.Y. Classification of diabetic foot, revisited. Wound Med. 2017,
18, 1–7. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JSEN.2015.2453214
http://dx.doi.org/10.1109/TBCAS.2016.2615603
http://www.ncbi.nlm.nih.gov/pubmed/28114035
http://dx.doi.org/10.1088/1757-899X/459/1/012041
http://dx.doi.org/10.1177/004051758605601105
http://dx.doi.org/10.1080/00405009408659018
http://dx.doi.org/10.4188/jte1955.21.9
http://dx.doi.org/10.1109/JMEMS.2010.2047633
http://dx.doi.org/10.1002/adhm.201400463
http://dx.doi.org/10.1016/j.wear.2006.11.031
http://dx.doi.org/10.1016/j.jtv.2016.02.003
http://dx.doi.org/10.1016/j.triboint.2018.09.017
http://dx.doi.org/10.1016/j.wndm.2017.06.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	POF Implementation in Knitted Structures 
	Polymer Optical Fibers 
	Friction and Compression Measurements 
	Light Measurement 

	Results 
	2D Knitted Fabrics with Insertion of Optical Fibers 
	Choice of Polymer Optical Fiber 
	2D Knitted Fabrics 

	Knitted Fabric Compression Sensitivity 
	Measurement Repeatability and Reproducibility 
	Influence of the Knitted Fabric Structure 

	Knitted Fabric Friction Sensitivity 
	Measurement Repeatability and Reproducibility 
	Influence of the Knitted Fabric Structure 

	Knitted Fabric Friction Force Sensitivity 

	Proof-of-Concept of the e-Knitted Textile with POF for Walking Monitoring 
	Conclusions 
	References

