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Abstract
The problem of strength loss in electrically conductive composites made with
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dispersed fillers in the polymer binder is solved by spraying an aerosol of
graphite on a textile material with a 3D weave of threads, or on knitwear of

fibers with various structure and chemical composition. The loose microstruc-
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ture of cotton fibers and the developed surface of elastic filaments made of syn-
thetic polymers retain colloidal graphite particles in a layered composite
during cyclic deformation. The electrical conductivity of knitwear with graph-
ite changes during stretching due to the reversible displacement of graphite
particles, first during straightening and then during stretching of elastic
threads. The 130 + 5 strain sensitivity GF and 12,000 + 95 kPa ' stress sensi-
tivity QF of the composites presented in this paper exceed the corresponding
parameters of known electrically conductive composites. The combination of a
significant change in electrical conductivity with the elasticity of the developed
knitwear-based composite is important for the use in load cells, smart clothes,
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1 | INTRODUCTION

Synthetic heterochain high-molecular compounds with
intrinsic electrical conductivity are used to obtain electri-
cally conductive polymer composites, along with carbon-
chain and heterochain polymer compositions, filled with
dispersions of inorganic substances with metallic-type
conductivity."> The electrical conductivity of high-
molecular compounds with intrinsic conductivity
depends on the ambient temperature and their thermal
manufacturing history. Electrical resistance of films and
fibers made from such polymers can change by several
orders of magnitude after heat treatment." The effects of
ambient temperature and the inevitable heat treatment
of polymer compositions filled with dispersions of inor-
ganic substances during the formation of products are

medical devices, and robotics.

conducting polymers, fibers, mechanical properties, sensors and actuators, textiles

significantly less.* However, the treatment of polymer
compositions filled with dispersions of inorganic sub-
stances by ionizing radiation during the molding of prod-
ucts also changes the temperature dependence of
electrical conductivity, affected by the irradiation dose.>®

In order to use electrically conductive polymer com-
posites as strain sensors and gauges, it is necessary to
reduce or eliminate their electrical conductivity depen-
dence on temperature in the 10-100°C range. The possi-
bility of manufacturing such compositions from graphite,
polyethylene, and polypropylene with a low percolation
threshold of less than 2% has been demonstrated.>’ Vari-
ous structures that emit or dissipate heat have been made
from ductile polymer composites containing graphite, as
well as sensors that register small bending strains, but
cannot measure large and reversible strains. Elastic
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composites consisting of piezoelectric polymer fibers and
an elastomeric binder, polydimethylsiloxane, have been
developed for the production of compression sensors.®
The use of fibers and filaments from synthetic and natu-
ral polymers to produce elastic composites and sensors
for large and reversible strains is quite promising. The
possibility of measuring electrical resistance of compos-
ites made from various fibrous materials with a coating
containing three different commercially available carbon
dispersions used for stencil printing of radio frequency
identification (RFID) tag antennas has been demon-
strated.’ The role of fibrous material structure in increas-
ing the electrical conductivity of the composite has been
established, although there were no significant differ-
ences between the electrical conductivity of fibrous mate-
rials with a layer of carbon dispersions of various
allotropic forms. Fibrous composites based on knitwear
have a looser structure and higher electrical resistance
than composites based on twill weave fabrics. Intelligent
textile systems with integrated fiber-based load cells are
used to monitor human movement.'”"'* Highly elastic
fabrics for so-called smart clothes made of fibers with a
conductive layer or from a mixture of polymer and metal
filaments have been studied."**® The strain sensitivity of
a fiber composite largely depends on the fabric structure
and the number of conductive filaments. It has been
shown experimentally that in polymer composites filled
with dispersions of electrically conductive inorganic sub-
stances, the percolation path and the number of contact-
ing filler particle chains decreased during tensile
deformation due to the growth of microcracks in the
material.”® The electrical resistance of growing micro-
cracks is much higher than the deformable piezoresistive
materials. Cracks can open and close in various ways
during bending, torsion, stretching, and compression.*!
The electrical conductivity of fibers and filaments signifi-
cantly depends on the predominant localization of elec-
trically conductive particles, their number on the surface
of the filaments or in the volume of fibers. The location
of the electrically conductive chains on the surface or in
the volume of the filaments determines the electrical
properties of composites based on the environment
(impurities, temperature, and humidity).**

Therefore, the main problem of the electrically con-
ductive polymer composites technology and their practi-
cal application as sensors is to overcome the
contradiction between increasing electrical conductivity
by placing more conductive filler on the surface and the
need to protect the conductive component from mechani-
cal destruction, along with the negative effects of the
environment (humidity). This problem is solved by using
a fibrous material with a volumetric interlacing of
threads as a reinforcing base and fixing particles
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of conductive filler (graphite) in the microporous struc-
ture of the fibers and between the threads. Protection
against mechanical destruction of the filler's adhesion to
the polymer and the negative influence of the environ-
ment is provided by duplication of the composite mate-
rial, that is, by placing an electrically conductive layer
between the two outer layers. In this study, a new elastic
electrically conductive fiber composite is described, and
the air temperature (10-70°C) and relative humidity
(40%-100%) effects on its strain sensitivity in the range of
its possible use as a cyclic deformation sensor placed on
human clothing are studied.

This problem is solved here by using a fibrous mate-
rial with a volumetric interlacing of threads as a reinfor-
cing base and fixing particles of a conductive filler
(colloidal graphite) with a high-molecular surfactant
(polytetrafluoroethylene) in the microporous structure of
fibers and between the threads. Maintaining sufficient
adhesion of the filler to the polymer and protecting the
composite from mechanical destruction during cyclic
deformation is ensured by duplicating the composite
material with the placement of an electrically conductive
layer inside the double-layer web. The solution to the
problem of combining graphite with polymer described
in this paper allows to increase the sensors' sensitivity
and reduce the hysteresis of the electrical signal during
cyclic deformations compared with published samples of
electrically conductive composites. In this study, the per-
colation mechanism is described for small (<15%) and
large deformations of electrically conductive fiber com-
posites. The effects of air temperature (10-70°C) and rela-
tive humidity (40%-100%) on the strain sensitivity GF
and stress sensitivity QF are discussed.

2 | MATERIALS AND METHODS

Starting materials used in this research were industrially
produced and meet international manufacturing stan-
dards for their production. Graphite suspension in
2-propanol with polytetrafluoroethylene was used to
apply an electrically conductive layer on the cotton knit-
wear composites from an aerosol package. The suspen-
sion of colloidal graphite in propanol (CRC Industries,
USA) was used with a 0.88 g/cm® density, and 65 wt.%
graphite concentration in the dry residue. The average
size of graphite particles in suspension was 6.8 & 0.7 pm.
The knitwear had stockinette stitching. The composition
of the fibers was 65% cotton, 25% polyester, and 10% poly-
urethane (Velikiye Luki Knitting Factory TRIVEL,
Russia). The qualitative and quantitative compositions of
the suspension ingredients were monitored using the FT-
801 IR Fourier spectrophotometer and the differential
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scanning calorimeter (DSC, 204 Phoenix, Netzsch,
Germany). The ratio of graphite and polytetrafluoroethy-
lene in the dry residue of the suspension was determined
by thermogravimetry using TGA/DSC 3+ in Figure 1.
After thermal degradation and removal of polymer
decomposition products, the mass of the sample
decreased by 30 wt.%. This change in mass corresponds
to the proportion of organic components. The concentra-
tion of graphite in the dry residue was about 65 wt.%.
The content of graphite suspension with polytetrafluor-
oethylene on knitwear was 21-28 wt.%.

Laboratory 10 x 70 mm? samples of sensors were cut
from a knitted fabric and dispersion of graphite with
polytetrafluoroethylene was sprayed from an aerosol
package on one side. The amount of graphite on the cot-
ton threads' surface was controlled by the sample mass
change after spraying the suspension and vacuum drying
in the desiccator. The volume fraction of reinforcing knit-
ted fabric in the composite did not exceed 83 + 0.5 wt.%.
Preparation of samples made from electrically conductive
fibrous material included the following steps:

1. Conditioning of an industrial knitwear sample in a des-
iccator for 5 days at 22 + 1°C and 30% relative humidity;
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FIGURE 1 Thermogravimetric analysis of the solid phase of

the suspension. [Color figure can be viewed at
wileyonlinelibrary.com]

2. Spraying graphite dispersion with polytetrafluoroethy-
lene in 2-propanol onto samples from an aerosol pack-
age from a 10 cm distance for 5s, with a 0.07 m/s
nozzle moving speed along the sample;

3. Cutting out ribbon samples with graphite-containing
coating;

4. Manufacturing double-layer strain sensors by dupli-
cating knitwear tapes with a graphite layer inside the
double-layer material in Figure 2a;

5. Drying of coated samples at 20 + 1°C and 30% relative
humidity to a constant mass;

6. Measuring the mass of 10 identical samples using ana-
lytical scales with 0.0001 g resolution and calculating
the average value;

7. Gluing copper foil electrodes with electrically conduc-
tive Keller contact glue on the surface of graphite-
coated tapes in Figure 2b;

8. Conditioning samples in the desiccator before con-
ducting mechanical tests and measuring electrical
resistance at 10 and 70°C with 45% and 100% relative
humidity.

A double-layer strain sensor was assembled from
knitwear with an electrically conductive coating as fol-
lows. The segments of the tape of equal length were
placed mirror-like and the segments were stacked in
pairs on top of each other, that is, they duplicated the
conductive layer inside the knitwear.”® A flat electrode
made of copper foil with wires was placed between the
ends of the segments. The sample was placed in a univer-
sal tensile testing machine to obtain real-time load-
displacement curves along with electrical measurements
using a multimeter and a computer in Figure 3.%*

3 | RESULTS AND DISCUSSION

Fibrous composites consist of a knitted base, colloidal
graphite, and thin layers of high-molecular compounds.
Electrically conductive particles of colloidal graphite fill

Knitwear

FIGURE 2
section schematics and (b) composite

(a) Strain sensor cross-

sample. Here, 1 are the knitwear layers,
2 are copper foil electrodes, and 3 is a
graphite layer. [Color figure can be
viewed at wileyonlinelibrary.com]

(b)
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FIGURE 3
with mounted sample and multimeter for electrical

Schematics of universal tensile testing machine

characterization of the composite. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 4 Composite electrical resistance changes when
stretched. The error bars represent standard error. [Color figure can
be viewed at wileyonlinelibrary.com]

the space between the fibers and are held on their surface
by adhesion forces. The choice of fibers interlacing in the
knitted base of strain gages and the tape cutting orienta-
tion relative to the direction of the fibers of the knitted
base have been previously justified.**

After treatment under different conditions, compos-
ites were tested by cyclic loading at a constant strain rate
up to 50% strain. The electrical resistance of a 10 mm
wide knitwear ribbon with a graphite layer increases by
orders of magnitude when stretched to 60% in Figure 4.

Sensor samples made of electrically conductive com-
posites were deformed with a 10 mm/min rate at
25+ 2°C in the air and controlled relative humidity.
Changes in the electrical resistance during stretching,
normalized by the electrical resistance of undeformed
sample (AR/R,) represent a sensor response to applied
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strain in Figure 5. The strain sensitivity, also known as
the calibration coefficient or a gauge factor GF is calcu-
lated as in'>:

Al/ly
here, R, is the initial resistance of the strain sensor, AR is
the relative change in resistance during deformation, , is
the initial sensor length, and Al is the specimen elonga-
tion. The strain sensitivity GF is calculated from the slope
of linear sections of the composite electrical resistance
change with the applied strain.'>'®

To increase the accuracy of experimental data approx-
imation by linear functions, measurements of the electri-
cal resistance of knitwear at small 0%-15% tensile strains
were repeated over 20 times, resulting in average values
and confidence intervals in Figure 5. This strain range is
of greatest practical importance when using composites
as sensor materials for various devices, for example,
patches and medical bandages used in monitoring facial
expressions, breathing and heartbeat of a person in tight-
fitted clothes.'”'® It can be seen that an increase in air
humidity changes the strain sensitivity of composites by a
factor of 2 during stretching and contraction. At the same
time, the effects of humidity on the strain sensitivity of
composites during stretching and contraction are
different.

To determine the reason for the repeated change in
the strain sensitivity of the composites under tension of
more than 15%, an optical microscopy examination of the
surface was performed with the construction of a 3D
model of the relief and cross-section of the fabric along
the threads of the knitwear in Figure 6a. According to
the cross-section shape in Figure 6b, the warp threads are
bent, so the knitted fabric is easily deformed to a certain
elongation due to straightening in Figure 6d. It is reason-
able to assume that when the threads are straightened,
the continuity of the graphite layer on their surface is not
affected significantly, resulting in continuous electrical
resistance change in Figure 4.

Comparison of the profile curve length in Figure 6
with the dimensions of the knitwear sample confirms the
assumptions that when stretched up to 15%-20%,
the threads are straightened, which does not significantly
affect the electrical resistance of the composite. When the
knitwear is deformed by more than 15%-20%, the electri-
cal resistance of the composite increases sharply due to
an increase in the length and area of the outer surface of
the threads, and cracking of the conductive layer on the
surface.”!

With elastic contraction of knitwear during unloading
after stretching, contact between graphite particles is
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FIGURE 5 Sensor output when 30
stretched in the air with 45% (2) and <> g mm—
100% (3) relative humidity, and when 25 L 1) AR/R , = 0.24¢ 1
contracted in the air after stretching at RCZ :12;’:
45% (1) and 100% (4) relative humidity. 20 T
The error bars represent standard 1) AR/R y=1.17¢ - 131 l
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FIGURE 6 (a)3D image of the
sample surface and (b) the cross-section
profile of knitwear along the fiber
threads; c) photograph of a fiber
extracted from knitwear, and

(d) stretched fiber at 20% strain. [Color
figure can be viewed at
wileyonlinelibrary.com]

Strain &,%
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restored and electrical conductivity increases. The strain
sensitivity of a fibrous composite GF varies up to 130 for
laboratory samples obtained under the patent,” and is
not inferior to the published values for the composites
with various electrically conductive fillers in Table 1.>°**
Table 1 lists the maximum GF values from the literature
and obtained in this paper, which are higher.

B X I

300 200 500 00 700 800 200 1,000 1,100 1,200

.

For the practical application of composites in
smart clothing, it is of interest to study the electrical
response of strain sensors in the air temperature
range, at which outerwear is usually used. To deter-
mine the effects of temperature on the electrical prop-
erties of fiber composites, the resistance of samples in
hot and cold air was measured and the sensor output
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TABLE 1
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Strain sensitivity GF of the composites from various sources.

Concentration, Mixing and molding
Composite matrix Filler wt.% method GF
Polyvinylchloride (PVC plastisol)*® Carbon black 1.5 Mixer 3.2-4.6
Thermoplastic elastomer (TPE)* 50 Stirrer 20-80
Tepmoanacromnact (TPE)*
Epoxy vinyl polyester>’ Multi-walled carbon 0.3 Stirrer and ultrasonic mixer 2.6
Polycaronate® nanotubes 5 Injection molder 3.65—
(MWCNT)
6.2
Bisphenol-F epoxy resin® 1 Planetary mixer 23
Polyethylene oxide®® 0.9-2.5 Stirrer and ultrasonic mixer 3.7
Polymethyl methacrylate®' 1 Stirrer and ultrasonic mixer 15
Polyvinyl chloride (PVC)?** 0.5-30 Stirrer 3.17
Copolymer ethylene terephthalate/ethylene Graphene - Thermopressing 34
vinyl acetate (PET/EVA)*>
Polydimethylsiloxane (PDMS)* ZnO nanowire - Mixing in solution 120
Polydimethylsiloxane (PDMS)/polystyrene™’ Silver 36.7 Mixing in solution 17-
78.6
Knitwear (cotton and polyester)/ Colloidal graphite 20 Aerosol spraying 130
polytetrafluoroethylene (PTFE) +5
25 FIGURE 7 Sensor output in cold
«I 1> - 1< and hot air during stretching at 45%
T 1 relative humility: 70°C (1) and 10°C
20 F ] \ (3) and contraction after stretching at
| | /—-2 70°C (2) and 10°C (4). The error bars
- 15} T I represent standard deviation. [Color
X 0 ARIR — 0038 l figure can be viewed at
5 3) ARIR =0.02¢ ) wvos 3 wileyonlinelibrary.com]
R*=0.98 -0 Y
10 f GF 2 GF,=3 T 4
. I
4) ARIR ;= 0.54¢ - 7.7
3) AR/R = 0.64¢ - 9.56 R =0.94 - I
5 F R*=0.94 GF.=54 |
GF,=64 f ) ;
/”-’)’i » L L
0

0 5 10 15 20
Strain &,%
was determined at 10 and 70°C at 45% relative

humidity.

Figure 7 shows the change in the electrical resistance
of fibrous composites at 70 and 10°C and 45% normal air
humidity. At 70°C GF increases by 2-3 times during
stretching and contraction after stretching. The strain
sensitivity increase is especially noticeable with the air
temperature increase and cyclic deformation of less than
15%, at which the composite threads are straightened.

The resistance of conductors with metallic-type electri-
cal conductivity increases when heated.*® A similar temper-
ature dependence of the electrical resistance in polymer
composites with dispersed metals and graphite has been
established.®” Since the electrical properties of fibrous

25

30 35

composites are determined by the electrical conductivity of
the graphite dispersion layer with polytetrafluoroethylene,
it is legitimate to expect a decrease in electrical resistance
with air temperature and its increase with cooling.

It can be concluded from the experimental results of
changes in the electrical resistance of fibrous composites
under cyclic deformations in Figure 7, and a comparative
assessment of the calculated GF, that knitted fabrics
coated with graphite dispersion both during stretching
and contraction in hot and dry air have a significantly
greater dependence on the strain magnitude than on
humidity and air temperature.

To determine the true strain sensitivity, that is, the
characteristics of the dependence of the electrical
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conductivity of the composite on mechanical stress,® it is
necessary to know the mechanical properties of fibrous
composites by measuring experimental values of the force
arising in the material during stretching and elastic con-
traction.**”*' During mechanical tensile tests of the com-
posite, it is possible to reliably measure the tension force
of the tape with a known width, and the stress value can
be characterized by a conditional load value, since it is
impossible to determine the exact knitwear thickness
under load. The functions of the conditional stress (load)
from the relative elongation during cyclic deformation of
composites during stretching and contraction are qualita-
tively different in Figure 8. This is the well-known
Patrikeev-Mullins effect,*” which has significant features
in the cyclic deformation of composites with reinforcing
fibers.**

During stretching, the stress in the composite
increases monotonously and can be described by the lin-
ear equation with a constant conditional modulus of elas-
ticity in Figure 8. When unloading, the stress change can
be described by the two moduli, small in the 0%-15%
strain range and large over 15% strain.

The tensile stress-strain curves show that the
mechanical properties of the composites can be charac-
terized by one value of the conditional modulus of elas-
ticity of about 17 MPa. At the contraction stage, the
conditional modulus of elasticity of the composite is
2 MPa when unloaded from less than 15% strain and
30 MPa when unloaded from larger strains. The stress
sensitivity of the composite QF during tensile deforma-
tion is calculated as:

_AR/Ry

F
Q Ao

[Pa], @)

here, R, is the initial resistance of the sensors, AR is the
change in resistance during deformation, and Acs is
the increase in stress, respectively.

Strain £,%

Table 2 summarizes the results of calculating the
strain and stress sensitivity of knitwear-based composites
at different temperatures and humidity.

Figure 9 shows the change in the electrical conductiv-
ity of a knitwear-based composite under cyclic tensile
loading. The first deformation cycle has a significantly
greater change in electrical conductivity up to 30% strain
than subsequent cycles. This difference occurs both dur-
ing stretching and during contraction. The second and
further (up to 100 times) cyclic deformation of a compos-
ite based on graphite-coated knitwear does not affect its
structure and properties. A stable state of the composite
is achieved with reproducible and identical values of
strain sensitivity GF; and GF,, and stress sensitivity QF,
and QF, over the entire investigated strain range.

The test results, including the first cycle of revers-
ible deformation of knitwear and 3 subsequent cycles of
hysteresis are presented in Table 3. The hysteresis in
Table 3 is calculated according to the Simpson for-
mula'® with the calculation of the integral of the func-
tion of the change in electrical resistivity from
deformation Equation (2):

b
AR
h= <—> (e)de
a \R /,
Ae | (AR 4 AR 4 AR
3\ R/, R ), R ),
+4<AR> + +2<AR> +4<AR>
R 3 R n—2 R n—1
n AR
R n
here, ¢ is the strain, (4) is the change in resistance,
AR)

a and b are the limits of the change in resistance (T

during deformation, n is the number of intervals of the
electrical resistance dependence on strain, Ae is the

5
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Strain sensitivity GF

Stress sensitivity QF, kPa '
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TABLE 2  Strain sensitivity GF and
stress sensitivity QF of the sensors.

Deformation conditions GF; GF, QF,;
Tensile strain range, %

Temperature, °C 0-15% 15-30% 0-15%

10 + 2°C 2+0.5 64 +4 117 + 45
70 + 3°C 7+1 130 £ 5 411 + 62
Relative humidity, %

45 + 3% 23+3 83+5 1353 + 63
100% 12+2 79+ 4 705 + 63
Contraction strain range, %

Temperature, °C 15-0% 30-15% 15-0%
10+ 1°C 3+0.8 54+4 1500 + 68
70 +1°C 8+1 103 + 5 4000 + 70
Relative humidity, %

45 + 3% 24+3 117+ 5 12,000 + 95
100% 15+2 75+ 4 7500 + 81

Note: Bold value emphasize the strain range.

0 5 10 15 20 25 30 35
Strain £,%

FIGURE 9 Sensor signal during cyclic deformation. Here, 1, 2,
3, and 20 are loading-unloading deformation cycles. The error bars
represent standard deviation. [Color figure can be viewed at
wileyonlinelibrary.com|

integration step along the strain axis ¢, and e is the
strain direction (stretching or contraction).

Small hysteresis becomes especially important when
composites are used as cyclic dynamic loading strain sen-
sors, for example, in the manufacture of wearable elec-
tronics elements. Exceeding the hysteresis by more than
6% leads to the accumulation of plastic deformation and
an irreversible decrease in the sensitivity of the composite
to deformation and dynamic loading.

4 | CONCLUSIONS

1. A new elastic electrically conductive fiber composite
has been obtained, and a method for its manufacture

QF,

15-30%
3764 + 73
7647 + 81

4882 + 72
4647 + 77

30-15%
1800 + 67
3433 + 70

3900 + 78
2500 + 73

TABLE 3 Hysteresis of electrical resistance during cyclic
strain.

Deformation cycle number when Hysteresis

measuring electrical resistance h, %

1 50 £ 0.5

2 3.8+03

3 3.4+02

4 3.4+0.2

Note: Bold values emphasize similar hysteresis values after the first cycle.

4.

has been proposed. The possibility of using a layered
composite as a cyclic strain sensor with a minimum
(less than 4%) hysteresis of the electrical signal has
been demonstrated.

The method of manufacturing strain sensors includes
applying an aerosol of a suspension of colloidal graph-
ite with polytetrafluoroethylene to knitwear, duplicat-
ing knitwear tapes with a graphite layer inside a
double-layer material, drying and a single pre-
stretching to the maximum strain value measured by
sensors in order to exclude signal hysteresis during
cyclic deformation due to the Patrikeev—-Mullins
effect.

. The effects of air temperature and humidity (10 and

70°C temperature, 40% and 100% relative humidity)
on the electrical resistance and strain sensitivity in the
ranges of possible use of composites as cyclic deforma-
tion sensors placed on human clothing have been
studied.

The absolute values of the strain sensitivity GF and
stress sensitivity QF of the sensors from the elongation
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SCIENCE

of a fiber composite sample in different ranges of ten-
sile strain and elastic contraction are determined.
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