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The development of carbon nanomaterials such as carbon nanotubes and graphene has made it possible to
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deformations due to a tight fit to the human body, high elasticity and wearing comfort. In this work flexible strain
sensors based on thin films of carbon nanotubes obtained by spray deposition have been developed. The effect
of laser radiation on the morphology and electrical characteristics of load cells has been studied. A method for
increasing sensitivity using laser lithography to form an electrically conductive topology has been developed. The
possibility of monitoring breathing using the developed strain-sensitive sensors has been investigated.
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Introduction

Flexible strain gauges are devices capable of reproducing
the skin mechanical and sensory functions by combining the
know-how in materials science, micro- and nanostructuring,
and as well as design of soft electronic systems [1,2].
Biological tissues serve as a guidemark for the development
of soft, stretchable and conformal structures that ensure
reliable attachment of sensors to the surface of the body
during its movement. Along with that, the stringent
requirements for sensitivity, linearity, low hysteresis, and
speed dictate the need for the formation of multifunctional
flexible sensor systems capable of detecting pressure, strain,
temperature, and humidity. Due to the combination of
low thickness, high stretchability and mobility, such strain-
sensitive devices are significantly superior to traditional
rigid devices and are used in prosthetics, soft robotics and
monitoring of physiological parameters [3-5].

In order to achieve the required mechanical and electrical
characteristics, new strategies for the synthesis of flexible
materials [6-9] and the design of stretchable and highly
sensitive structures [10-14] are being actively explored.
However, existing solutions are still limited by a num-
ber of factors. The main one is that optimizing one
parameter of a strain gauge usually makes the rest ones
compromised: e.g., reducing the modulus of elasticity raises
the sensitivity, but increases hysteresis [15], reducing the
thickness of the dielectric raises the sensitivity, but results
in lower durability of the device [16]. Modern research
is aimed at solving these problems through the integrated
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design of materials, structures and interfaces, including
the coordinated improvement of mechanical, electrical and
morphological parameters at all levels, from nanostructures
of active layers to the system integration of multicomponent
sensor platforms. This method is formed owing to a slew
of accumulated data on the key challenges encountered
in the flexible sensors area, including the need to reduce
the impact of residual deformations during multiple load
cycles, stabilize the response during long-term operation,
improve the accuracy of detecting weak mechanical signals,
and develop scalable manufacturing methods for highly
sensitive systems. Special focus is made on creating
materials with predictable deformation behavior, structural
solutions that compensate for stretching and twisting, as
well as interfaces that ensure reliable contact between
soft and hard components. At the same time, strategic
growth priorities are being shaped — increasing functional
integration, expanding sensor capabilities and developing
designs that allow industrial scaling without loss of sensi-
tivity and durability [17-20]. For flexible strain gauges, the
mechanical properties of substrates and active materials are
of particular importance, since the devices shall maintain
the stability of electrical characteristics during stretching,
bending and twisting. For example, polymers such as
polydimethylsiloxane (PDMS), polyurethane, polyethylene
terephthalate, and silicone are widely used as substrates or
flexible matrices. These materials can boast high elasticity,
wear resistance and easy integration with active substances.
Among the active materials, carbon nanotubes (CNT),
graphene, conductive polymers, and metallic nanostructures
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play a key role, providing the formation of stretchable
conductive nets inside elastomeric matrices. At the same
time, the control of adhesion between the layers, prevention
of material degradation and management of filler migration
during cyclic deformation remain essential. Here, CNT
tubes have an advantage over other active materials, since
they have good adhesion to PDMS and silicone due to the
formation of strong interfacial bonds [21], and also have
a high aspect ratio which enhances the cyclic stability,
extensibility, and sensitivity of the related strain gauges.
High sensitivity is provided both by the properties of the
nanotubes themselves and by the formation of a percolation
network capable of stretching and self-healing. The integra-
tion of CNT into polymer matrices also allows to achieve
high electrical conductivity. The effect of laser radiation
on such a network leads to an even greater improvement in
both the electrical and mechanical properties of sensors [22].

In the present study, flexible strain gauges were formed
on the basis of thin films obtained by sputtering of multi-
wall CNT dispersions onto silicone substrates. The effect
of laser radiation on the internal structure of carbon films
was studied. An electrically conductive topology has been
obtained using laser lithography. The influence of topology
on the electrical characteristics of the strain gauges, tensile
stability, temperature stability, and sensitivity to longitudinal
deformations is investigated. @~ The possibility of using
strain gauges as flexible wearable electronics for respiratory
monitoring has been investigated.

1. Materials and methods of research

Section 1 shows the materials used, technical character-
istics of the experiments and testing equipment, method
of strain gauges fabrication, as well as parameters of laser
processing for modifying the morphology of thin films and
the formation of a conductive strain-sensitive topology. The
parameters of the studied films structure, electrical and
mechanical characteristics are also outlined.

1.1. Materials used

Thin carbon films were obtained by deposition of homo-
geneous dispersions. To fabricate the dispersions, carboxy-
lated carbon nanotubes (CCNT) having 0.1—1.0 mmol/g of
COOH groups and an outer diameter of no more than 50 nm
were used. A mixture of ethanol and distilled water was
taken as a solvent.

Two-component silicone on a platinum catalyst, Shore
hardness 00-10 A, dynamic viscosity 140 Pa-s, Young’s mod-
ulus at 100 % elongation 0.06 MPa, Shore factor 1.04 g/cm?,
operating temperature range from 19 °C to 232°C was used
for the fabrication of flexible substrates. Liquid silicone
was poured into rectangular molds with dimensions of
24 x 29 mm, printed on an 3D-printer. The silicone mixture
was previously placed in a vacuum chamber to remove air
bubbles.
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1.2. Fabrication of dispersed media made of CNT

To obtain the dispersed media, distilled water and ethanol
were mixed in the ratio of 2:1, and CCNT were mixed at
a concentration of 0.1 mg/ml. The process of dispersing of
CCNT in a mixture of distilled water and ethanol included:
1) homogenization with the use of immersive ultrasonic
probe during 35 min at a power of 150 W/cm?; 2) treatment
in the ultrasonic bath at a power of 80 W during 15 min.

1.3. Formation of thin films for the flexible strain
gauges

Thin films were obtained by deposition of dispersions
onto silicone substrates via sputtering method. The sput-
tering unit included a three-axis positioning system, on
the rail and carriage of which the dispenser was fixed.
Sputtering was carried out by creating periodic pressure
in the dispenser using a compressor when pressing the
dispenser button with a bar mounted on the positioning
system rack. The amount of dispersion sputtered and,
accordingly, the thickness of CNT layer on the substrate
depended on the pressure, nozzle diameter and spray
intensity. The average dispersion consumption per sample
was 15ml. The silicone substrate was placed on a heating
table at a temperature of 100°C—120°C. This is necessary
for the uniform deposition of small droplets of dispersion on
the substrate and faster drying of the layers during spraying.
The trajectory of the dispenser was set using a software.
After the required number of dispersion layers were applied,
the resulting CNT film was dried in a dry-air thermostat at
a temperature of 100°C for 1h.

1.4. Laser processing of carbon films

A ytterbium pulsed fiber laser with a wavelength of
1064nm, a pulse duration of 100ns, a spot diameter
of 35um, and a pulse repetition frequency of 30kHz
was used for laser processing of films. The laser beam
travel speed was 500 mm/s. The average radiation power
increased sequentially until it was 2W. The samples were
placed in a vacuum chamber, the air from which was
pumped out with argon. The average thickness of the
irradiated films was 6 um.

1.5. Study of electrical characteristics

The resistance of the obtained films before and after
laser irradiation was studied by a four-probe method using
copper-phosphorus alloy probes with a gold coating located
at the corners of a square with an inter-probe spacing
of 2mm. The volt-ampere characteristics (VAC) of films
at rest and in the stretched state were also obtained using
a two-probe method with the help of Summit 12000B-AP
semi-automatic probe station and a voltage generator in the
supply voltage range from 0.7 to 5V. The limitation current
at voltage of 0.7 and 1V made 1uA, at 2V—-10uA, at
5V—-100uA. The carbon films were placed on a polycor
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Figure 1. The scheme of forming thin films for flexible strain gauges.

substrate to avoid touching the probes of the metal substrate
of the setup.

1.6. Laser lithography for topology formation

Laser lithography was carried out using an ytterbium
pulsed fiber laser with a wavelength of 1064 nm, a pulse
duration of 100ns and a frequency of 30kHz with an
average radiation power of 0.887W. The laser beam was
focused using lenses to achieve a small spot size on the
sample surface. The spot diameter was ~ 35 um, the beam
travel speed was 500 mm/s. Before laser processing, the
samples consisted of homogeneous layers of CNT on a
silicone substrate. The laser processing of surface resulted
in formation of a topology in the form of parallel lines of
electrically conductive material converging into contact pads
located at the two ends of the substrate. Thus, a strain-
sensitive electrically conductive topology was formed, which
is a CNT structure with a specific pattern. The width of the
electrically conductive topology lines was 0.7 mm, the inter-
lines spacing was 0.7 mm, the length of the lines was 15 mm,
the contact pads were 5 x 5mm in size. Thus, the full cycle
of fabricating thin carbon films included the steps shown in
Fig. 1.

1.7. Investigation of the effect of temperature and
stretching on the electrical characteristics of

sensors

In this study, the sensors were gradually heated using
the thermal system of Summit 12000B-AP probe station.
Carbon films with a given topology and without a specific
topology were placed on a heated plate, and probes were
attached from both sides along the edges of the films. The
films were heated up to 100°C with a step of 5°C, the
volt-ampere characteristics for each temperature range were
obtained using the parametric analyzer Keysight B2900.
Based on the obtained VAC, the film resistance was
calculated for each temperature range. The temperature
coeflicient of resistance was found using the formula

1 AR

A= 1
2 AT (1)

where R — initial resistance at a certain temperature, AR —
resistance variation when the temperature changes by AT.

The strain gauges were formed by attaching carbon wires
to a conductive carbon film layer using a mixture of multi-
wall CNT (MWCNT) and silicone with a concentration
of MWCNT 3mass% and subsequent application of a
protective polymer layer. The setup for studying the strain
gauge resistance versus stretching and for measuring the
sensitivity coefficient included a dynamometer, a vise to
hold the sensor ends, and a stepper motor for gradual
stretching and compression that was controlled using a
dedicated software.

The sensitivity coefficient was found as follows

AR 1
GF = — - -, 2
=R E (2)
where Ry — initial sensor resistance, AR — absolute change
of resistance when stretched to a value of e.

1.8. Examination of the internal structure of
carbon films

The morphological features of the conductive carbon
films obtained by sputtering method were studied using
FEI Helios G4 scanning electron microscope (SEM). The
accelerating voltage was 5kV, and the electronic probe cur-
rent —50 pA. Vacuum chamber pressure was 3.9 - 10~ Pa.
Three areas were examined: without laser processing and
after laser processing with a power of 0.035W and with a
power of 0.7W.

2. Results and discussion

Section 2 sheds light on findings from the study of laser
radiation effect on electrical and structural properties of thin
CNT films, the film topology effect on electromechanical
characteristics of strain gauges, research of temperature
stability, sensor operability, and their potential use in the
respiratory monitoring systems.
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Figure 2. SEM images of carbon films before laser exposure (a), after exposure to a laser of 0.035W (b) and after exposure to a laser

of 0.07W (c).

2.1. Morphology of carbon films

The carbon layer exposure to laser radiation is an
effective method for controlling the functional properties
of composite materials, allowing the formation of elements
with increased stability and improved compatibility for their
integration into electronic circuits. Within the present
study, the samples were divided into separate sectors to
systematically study the effect of laser radiation parameters
on the morphology and structure of thin carbon films. Each
sector was exposed to laser radiation with a varying average
power of 0.035, 0.07, 0.14, 0.27, 0.54, 1.05 and 2W.
The thickness of the examined carbon coatings measured
by optical profilometry, averaged 6 um. The results of
laser modification, including changes in the surface relief
and morphology of the carbon layer, were analyzed using
scanning electron microscopy (SEM), the results of which
are shown in Fig. 2.

It was found that laser exposure led to an increase in
the uniformity of CNT distribution in the polymer matrix
and a decrease in their size. Fig. 2,a shows by digits /
and 2 the symbols of CNT agglomeratiin areas, Fig. 2,b
shows by digits 3,4 the areas of CNT net discharge. In
Fig. 2,c, in the rectangular areas numbered 5, 6, there is
a noticeable decrease in CNT lengths and partial ablation
of silicone matrix nanotubes. According to SEM data, the
average length of CNT before laser processing was in the
region of 530—790 nm, while after laser exposure 0.035W
this index declined to 270 nm (Fig. 3).

The change in CNT size after laser irradiation is caused
by several physical processes. Firstly, this phenomenon
is associated with laser ablation, when the pulse energy
knocks carbon atoms off the MWCNT surface, which
leads to a lower wall thickness and overall diameter
without completely destroying the structure of the nanotube.
Secondly, the absorption of CNT laser energy leads to a
local heating, which causes the rupture of C—C bonds
and the introduction of internal defects [24]. MWCNT
defects could serve as binding sites for nanotubes in an
electrically conductive ordered network, which also affected
the electrical conductivity of thin films.

After laser irradiation, the separation of large agglom-
erates into smaller ones was observed (Fig. 2,5), which
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Figure 3. Lengths of CNT before and after laser exposure.

contributed to a decrease in hysteresis during deformation of
carbon films. This effect is explained by lower probability of
accidental contacts between nanotubes in a sparse network
compared with films containing a significant amount of
agglomerates. As a result, the hysteresis of electrical
resistance for non-irradiated films reached 12 %, whereas for
laser-modified samples this parameter did not exceed 6 % on
average.

Along with that, a twofold increase in the electrical
conductivity of the treated samples was registered. One
of the possible reasons is partial ablation of the silicone
matrix under thermal radiation effect, due to the presence
of residual oxygen in the argon atmosphere. Despite the
decrease in the surface concentration of MWCNT, higher
conductivity indicates the formation of new covalent bonds
between the nanotubes. It should be noted that the use of
laser radiation with a power exceeding 0.07 W resulted in
the resistance growth by more than 10 times, as well as in
the excessive reduction of the nanotubes sizes.

2.2. Carbon films with the specified topology

The change in the topology of the active material of
strain gauges is known to lead to a change in both their
electrical and strain gauge properties. The formation of
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Figure 4. Carbon film topology pattern: I — stretching area,
2 — contact pads for connection of electric wires.

topologies can increase the sensitivity of strain gauges to
deformation when the number of stress concentrators in
the active material becomes higher [25]. In this study,
the topology for carbon films (Fig. 4) was developed in
order to increase sensitivity to longitudinal deformations and
reduce the effect of transverse deformations on changes in
the gauge resistance.

The results of measuring the VAC of carbon films using
the two-probe method are shown in Fig. 5. The obtained
VAC demonstrated a linear dependence of current on
voltage, which persisted up to a value of 7V. For the films
without a given topology, a similar linear dependence was
observed only up to 5 V. The linear nature of VAC was also
maintained under conditions of mechanical stretching of the
samples, while the hysteresis value did not exceed 3 % [26].
For the films without a given topology, the preservation
of this stability during deformation was not observed. A
comparative analysis of the graphs in Fig. 5 shows that the
films without a given topology have the deviation from the
linear dependence with a growing voltage more pronounced
compared to the films with a given topology.

The results of measuring the resistivity of the samples
before and after topology formation are presented in the
table below. The resistivity value for films with topology
was calculated based on the values for each pair of lines,
which were considered as parallel resistors.

It was revealed that carbon films with a given topology
had an average of 20 times lower resistivity than films
without a given topology. However, such a change is rather
caused by a significant decrease in the thickness of the
conductive paths.

2.3. Mechanical characteristics of flexible strain
gauges

The formation of the topology also impacted the me-
chanical characteristics of the thin film sensors. Mechanical
characteristics of the developed flexible strain gauges were
tested using a setup including a three-axis positioning
system with a stepper motor, the trajectory of which was
set using a dedicated software. The sample was mounted
on a tripod at the base of the positioning system using two
fasteners. The samples were moved with a rate of 10 mm/s,
the length by which the sample was stretched was 25 mm,

Average resistivity values of carbon films

Type of carbon film Electrical resistivity, 2-cm

Without the given topology 6+2

With a given topology 0.3£0.1

which corresponds to 100 % stretching of the sensor. The
total size of the strain gauge was 5 x 25mm, the size of
the topological pattern was — 4.5 x 24 mm, the length
of the electrically conductive topology lines was 18 mm,
thickness — 09mm. Fig. 6,a illustrates that the curve
of the relative change in resistance versus the strain gauge
elongation without a given topology has a piecewise linear
form, however, the systematic error for the relative change
in resistance of a sensor without a given topology is greater
than with a given topology (Fig. 6,b) and was 2—4k,
while the error for the strain gauges with topology was
0.6—0.7k2. The dependence of the relative change in
resistance on the elongation of the strain gauges with a
given topology has a form close to a linear function with an
elongation exceeding 40 %.

In the area of a 35% stretching, the curve has a
piecewise linear form (Fig. 6,c d), which is an important
factor in the development of flexible strain gauges, since
they shall register the movements of both small and large
amplitude. As for the mechanical strength and modulus
of elasticity, the change in these parameters after the
formation of the topology was minimal. When studying
the mechanical characteristics, the initial length between the
fasteners was 20 mm, the initial thickness was 0.67mm. The
maximum elongation of the strain gauge without a given
topology was 300 %, while the tensile strength calculated
according to the experimental results was (6.1 £ 0.5) MPa,
the modulus of elasticity was (0.14 +0.01) kPa, which
evidenced the high softness of the material. In the case
of the strain gauges with a given topology, the strength and
elasticity parameters remained close to the parameters of the
strain gauges without a given topology: ultimate strength —
(6.1 £ 0.4) MPa, Young’s modulus — (0.13 £ 0.01) kPa.

In the area of a 35 % stretching, the curve has a piecewise
linear form (Fig. 6,c d), which is an important factor in
the development of flexible strain gauges, since they shall
register the movements of both small and large amplitude.

As for the mechanical strength and modulus of elasticity,
the change in these parameters after the formation of the
topology was minimal. When studying the mechanical
characteristics, the initial length between the fasteners was
20 mm, the initial thickness was 0.67 mm. The maximum
elongation of the strain gauge without a given topology
was 300 %, while the tensile strength calculated according
to the experimental results was ((6.1 & 0.5)) MPa, the mod-
ulus of elasticity was (0.14 £ 0.01) kPa, which evidenced
the high softness of the material. In the case of the strain
gauges with a given topology, the strength and elasticity
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Figure 5. Volt-ampere characteristics with the generator voltage of 0.7 and 5V respectively, for the films without specified topology (a, b)

and films with a given topology (c, d).

parameters remained close to the parameters of the strain
gauges without a given topology: ultimate strength —
(6.1 £0.4) MPa, — (0.13 £ 0.01) kPa.

The formation of topology on carbon films significantly
impacted the sensitivity of flexible gauges to elongation
strain.  Calculated by the formula (2) the sensitivity
coefficient was (110 & 5), while the sensitivity coefficient
of the strain gauges without a given topology was about
(24 £ 3). The increase in sensitivity is due to the fact that
after laser lithography, the electrically conductive strain-
sensitive pathways were separated, which led to a lower
number of random bonds between CNT that occured during
deformation. In addition, the developed type of topology is
characterized by the presence of a dedicated stretch area
and isolated contact pads. This design solution makes it
possible to purposefully localize a mechanical deformation
in a given area, which raises the predictability and stability of
the electrophysical characteristics of the strain gauges. The
presence of separate contact pads minimizes the impact of
rigidity of electrical wires and external connections on the
working element, ensuring a reliable electrical connection
and reducing the risk of damage to the sensitive area during
installation.

The strain sensitivity of thin-film sensors varies greatly
according to literature. It depends on the method of sensor

17 Technical Physics, 2026, Vol. 71, No. 5

formation, the thickness of the active layers, the choice
of materials, and the topology of composites. Thus, if a
network topology is formed on the film made of graphene
nanosheets, the sensitivity coefficient GF; was 38, in case of
a ,,dog bone“ topology— it was 41, in case of a hierarchy
structure of ,,dog bone* type— 60, with the coefficient error
below 10% [27]. In this study, polyethylene terephthalate
was used as a flexible substrate. As can be seen, the forma-
tion of topologies affected the sensitivity of the strain gauges,
and the increase in sensitivity was associated with a higher
number of mechanical stress concentrators in the topologies.
The strain-sensitivity of gauges made of bent graphene
nanoplates (GNP) on PDMS substrate was about 0.55 [28].
Thin strain-sensitive films can also be obtained by etching
graphene on nickel or copper substrates. This method
makes it possible to achieve the smallest film thickness,
however, the highest value of the sensitivity coefficient
GF; was 6.1 [29]. Low sensitivity of the GNP thin-film
strain gauges is often explained by a slight change in the
conductive network during deformation, when the distances
between the nanoplastics and the contacts between them do
not undergo significant shifts. Unlike metal strain gages with
GF,; = 2, where resistance changes due to the piezoresistive
effect, the tunneling mechanism dominates in graphene
structures, but with insufficient orientation or dense packing
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of layers, the tunneling effect is weakly manifested in the
range of small deformations. In this case, the change
in length and geometry during deformation causes only a
linear, rather than an exponential, increase in resistance [30].
In CNT-based strain gauges, piezorestivity also occurs due
to the tunneling effect, however, CNT have a high aspect
ratio resulting in higher strain sensitivity of the materials
made of them. For example, strain gauges made by

pressing MWCNT films onto a thermoplastic polyurethane
substrate had GF; of approximately 46 with an elongation
of 87% [31]. With a maximum elongation of 300,%,
leading to material rupture, the coefficient reached 450. In
turn, strain gages based on hybrid nanomaterial film from
MWCNT and GNP deposited on a polyimide substrate by
sputtering method demonstrated sensitivity of about 24 [32].
Moreover, it was found that this parameter depends on

Technical Physics, 2026, Vol. 71, No. 5
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the volume of the sputtered dispersion, and hence on the
thickness of the film.

Thus, the new MWCNT-based thin-film strain gauges
with a conductive topology outpace most of the existing
solutions in terms of strain sensitivity.

2.4. Temperature effect on the gauges operability

Resistance to temperature variations is a critical feature
of flexible sensors, since temperature fluctuations induce
parasitic changes in electrical resistance that mask the
useful signal from mechanical deformation. This undesirable
reaction, known as temperature error, can significantly
reduce the accuracy and reliability of measurements in
unstable thermal environments. Overcoming this effect is
achieved through the use of dedicated circuits, such as a
Wheatstone bridge circuit with a passive or active temper-
ature compensator, as well as through the development of
composite materials with a low or predictable temperature
coefficient of resistance.

In the development of flexible sensors, the effect of
temperature on the resistance of strain gauges without
a given topology and with a given topology, as well as
the possibility of temperature affecting the operability, was
investigated in this work. The dependencies shown in Fig.
7 were plotted.

The resistance was found to decrease with the temper-
ature rise. Moreover, the presence of a topology makes
practically no difference in the sensors’ response to heating,
which is reflected in Fig. 7,a. However, it can be seen
in Fig. 7,b that sensors with a given topology are more
sensitive to heat at temperatures above 50°C. This may
be due to the lower volume concentration of CNTs in the
silicone matrix, as part of the nanotubes evaporated during
laser ablation. The temperature coefficients also indicate
this: the temperature coefficient of the strain gauges in the
temperature range 25°C—45° with a given topology was
—20-1073K~!, while the coefficient for sensors without
a given topology was —16-103K~!. The described
temperature range was chosen based on the assumption that
when worn on the human body, the heating of the sensors
will not exceed 45°C.

In addition, there was a need to assess the effect of
temperature on the operability of flexible strain gauges. To
do this, using mathematical modeling methods based on
the dependence of resistance on elongation and resistance
on temperature, the distribution of resistance variation
during interaction of these factors was obtained (Fig. 8).
Fig. 8 illustrates relative temperature variation along X axis,
relative stretching — along Y axis. The Z axis displays the
corresponding value of the relative electrical resistance. The
graph shows that with an increase in both temperature and
stretching, there is an increase in sensor resistance. The
surface has a monotonously increasing character, especially
when both variables are simultaneously increasing. This
indicates the combined effect of thermal and mechanical
factors on the conductivity of the material. The color scale
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Relative resistance
change

Figure 8. Interdependence of strain gauges’ resistance on
temperature and elongation.

located on the left corresponds to the resistance values
and illustrates the gradient of change from purple (small
change in resistance) to yellow (large change in resistance),
emphasizing the sensitivity of the strain gauges to the
temperature and deformation effects.

However, the slope of the graph lines in XZ plane is not
noticeable in comparison with the curvature of the graph
in YZ plane. In addition, heating the sensor by 200 %
corresponds to stretching the sensor by only 20%. These
observations indicate that the temperature contribution to
the change in the strain gauge resistance is not significant
compared to the effect of stretching. Therefore, heating
during operation will not make major changes to the
operation of the presented flexible strain gauges.

2.5. Respiratory monitoring

Registration of respiratory activity is an essential element
of diagnosis and monitoring in various pathologies. This
need arises not only in diseases of the respiratory system,
such as COPD, bronchial asthma, but also in disorders of
neurological origin, when respiratory centers or pathways
are affected, for example, sleep apnea, the effects of stroke,
neuromuscular diseases. Clinical manifestations of respira-
tory failure can range from tachypnea, rapid breathing, and
shortness of breath to complete transient respiratory arrest
and apnea, which are directly life-threatening. In this regard,
continuous monitoring of respiratory activity is a crucial
task in clinical practice. Traditional inpatient monitoring
systems limit patient mobility, but the use of modern flexible
strain gauges opens up new possibilities for long-term and
continuous monitoring of breathing in outpatient conditions.
These devices, being non-invasive, are highly sensitive and
allow registering the chest or diaphragm behaviour, which
ensures the collection of objective data on the nature and
rhythm of breathing in real time outside the hospital.
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Figure 9. The signal from two strain gauges with a given topology at different initial resistance during normal breathing rhythm (a),
rapid breathing frequency and abrupt inspiration (b): indicated by the numbers / and 2, respectively. The area of the signal when stopping

breathing on breathing in (¢) and breathing out (d).

To investigate the possibility of respiratory monitoring,
the developed strain gauges were connected to an electronic
unit that processed changes in sensor resistance using an
analog-to-digital converter (ADC), noise filtering, and signal
transmission via Bluetooth to a PC, where real-time signal
graphs were displayed. The numerical values of the signal
were recorded in a csv file. Flexible sensors were attached
to an elastic textile strap, which was fixed in the area of the
lower aperture of the chest. The reaction of strain gauges
to breath holding during breathing-in and breathing-out,
during slow deep breathing and normal breathing rhythm
was studied (Fig. 9).

For rapid breathing with a sharp intake of breath, the
recording interval of the signal was 30s, for normal — 32s
(Fig. 9,a, b).

From 22 to 28s as seen in Fig. 9,b an abrupt deep
breathing-in is observed. For rapid breathing, the average
frequency was about 0.3 Hz, for normal breathing, the
average respiratory rate was 0.5 Hz, but the average
difference in the amplitudes of ADC values for the two
types of breathing was 3 ADC values for both sensors. The
total time of signal measurement for the breath holding on
breathing-in was 27s, for the breath holding on breathing-
out — 20s (Fig. 9,¢,d). The change in the ADC signal

in a positive or negative direction directly depended on
the direction of breathing: ie. stretching or compressing
the sensors, respectively. Rectangular frames in Fig. 9,¢, d
highlight the moments of respiratory failure, which were 11's
on breathing-out and 10s on breathing-in for both strain
gauges. The appearance of a small peak at 19s (Fig. 9,c¢)
is associated with the movement of the operator’s body
during the experiment. The breathing-in amplitude was 30
of ADC values for the first sensor and 27 for the second;
the breathing-out amplitude was 40 of ADC values for the
first sensor and 35 for the second.

Conclusion

The conducted studies confirm the possibility of creating
flexible strain gauges based on thin CNT films for respi-
ratory monitoring, and also indicate the effectiveness of the
method of modifying the strain gauges properties using laser
lithography. The formation of an electrically conductive
strain-sensitive topology led to a significant increase in the
sensitivity coefficient of the sensors at a low hysteresis
value. Laser modification of the carbon films surface also
contributed to higher electrical conductivity of the material

Technical Physics, 2026, Vol. 71, No. 5
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due to the redistribution of CNT network in the silicone
matrix.

Within the framework of the study, patterns of mutual
influence of stretching and heating of the strain gauges were
identified, which confirmed the operability of sensors as
flexible wearable electronics devices. The mechanical and
electrical characteristics of the sensor material were also
determined.

The presented flexible strain gauges showed the ability
to register various breathing rhythms, as well as respiratory
failure during both breathing-in and breathing-out.
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