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The article discusses various types of polymer composites with nanomaterials that are
intended for strain measurement tasks. Despite the obvious advantages of strain gauges
based on polymers modified with dispersed conductive structures, there are problems in
creating effective ones that can operate under large deformations with high sensitivity
and measurement accuracy. This can be realized by implementation of the strain gauge
self-compensation effect when combining a semiconductor material (with negative tem-
perature coefficient of resistance) with high calibration coefficient and metal (with pos-
itive temperature coefficient of resistance) as well as improved lifetime characteristics
allowing for long-term operation with multiple compression/decompression modes. Car-
bon nanotubes play an important role in the technologies to create polymer composites
for strain measurement tasks. It is also possible to change the properties of such compo-
sites by varying the type of polymer matrix. This paper analyzes various designs of strain

gauges, as well as methods of calculation and modeling of their performances.
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1. INTRODUCTION

Measuring strains acting on various types of surfaces is
relevant in a wide range of scientific and technical prob-
lems [1]. The ability to measure strains is required in such
applications as wearable electronics, soft robotics, detec-
tion of human motion parameters, virtual reality technol-
ogies [2,3], human health monitoring [4], rock fracture
studies [5] and other various technical applications [6].
Strain gauges are highly relevant for measuring equip-
ment, control and management systems, mechanical engi-
neering technologies, automotive industry, and aviation
technology [7—-10]. Commercial metal strain gauges have
limited sensitivity and cover very small areas, and their
typical operating stress range is less than 3% [11]. Re-
cently, there has been significant interest in the develop-
ment of strain gauges based on polymers with conductive

fillers [12]. One option for manufacturing strain gauges is
the use of polymers filled with conductive materials and,
in particular, carbon dispersed structures [13].

2. STRAIN GAUGE NANOCOMPOSITES

Multi-walled carbon nanotubes (MWCNTSs) have shown
good results in the field of strain gauge creation [14,15],
which is due to their unique electromechanical properties.
The ongoing studies in the field of strain gauges show
which aspects of using CNTs to measure deformation,
both at the nano- and macrolevels, are important. First of
all, CNTs undergo changes in their band structure under
the influence of mechanical deformations.

It should be noted that polymer nanocomposites have
a high calibration coefficient and a stable response to me-
chanical action [16]. Nanocomposites based on polymer

* Corresponding author: V.V. Kaminskii, e-mail: vvkaminskii@itmo.ru

© 2024 ITMO University. This is an open access article under the terms of the CC BY-NC 4.0 license.


https://doi.org/10.17586/2687-0568-2024-6-4-157-163
mailto:vvkaminskii@itmo.ru
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-4317-0689
https://orcid.org/0000-0002-4388-2459
https://orcid.org/0000-0003-0071-7952
https://orcid.org/0000-0003-1986-3693
https://orcid.org/0000-0002-1838-3842

A.V. Shchegolkov et al.: Polymer composites with nanoscale additives for strain gauge applications... 158

“~~_ ENRchain
Boronic ester bond

™\~ CNTs

Fig. 1. Elastic composite with dispersed filler. Adapted from Ref. [17].
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Fig. 2. Scanning electron microscopy images of MWCNT/epoxy resin composite.

matrices are optimally suited for measuring large defor-
mations (> 10%), which is especially important for appli-
cations such as intelligent robots and human movement
monitoring. When a densely packed array of CNTs is
stretched, the configuration of their network changes,
which leads to a change in its electrical resistance (Fig. 1).

This is mainly influenced by the contact between indi-
vidual CNTs, tunneling and electron hopping, which de-
pend on the distance between individual CNTs. The poly-
mer coating of the CNT array affects its piezoresistive
response not only during the first loading but also during
subsequent (cyclic) loading. Such a response may depend
on the dielectric and mechanical properties of the polymer
coating. Thin-film CNT sensors also exhibit resistance
hysteresis under cyclic strain loading [18], which is asso-
ciated with irreversible deterioration of the CNT/polymer
interface. Temperature can also cause changes in the elec-
trical resistance of the strain gauge. For piezoresistive
strain gauges, these temperature-induced changes in elec-
trical resistance can be misinterpreted as deformation.
Thus, the thermistor response of strain gauges also needs
to be characterized to account for potential temperature
compensation factors of the strain gauges.

A highly robust piezoresistive pressure sensor with
excellent repeatability and fast response has been devel-
oped [19]. The developed sensor has the characteristic of
silicone rubber coating, which extends the pressure
measurement range and improves the response time. The

sensor is capable of measuring pressure below 100 Pa
and above 200 kPa, and can measure oscillatory pressure
well above 50 Hz. The sensor showed high repeatability
and durability, and worked normally after 1000 cycles
under an applied pressure of 360 kPa. The geometry of
the conductive mesh of the CNT strain gauge has an im-
portant effect on its piezoresistive response [20]. The
main physical mechanism of sensitivity to mechanical
stress is based on the change in geometric dimensions
that occurs during deformation from an external force,
which leads to a change in the electrical resistance of the
sensor material [21].

3. EFFECT OF THE POLYMER MATRIX TYPE
ON THE CHARACTERISTICS OF THE
STRAIN GAUGE TRANSDUCER

The use of the polymer matrix type is of key importance
when forming a strain gauge. It affects the cohesion of
filler particles and their dispersion in the composite, which
affect the mechanical and electrophysical characteristics
of strain gauges based on them.

In Ref. [22], the piezoresistive properties of flexible,
strain-sensitive MWCNT/epoxy composites were studied.
The strain over the sensor area was tested using digital im-
age correlation under quasi-static uniaxial tension. The pi-
ezoresistive characteristics of the films were quantitatively
studied using electrochemical impedance spectroscopy in a
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wide frequency range from 40 Hz to 110 MHz. Scanning
electron microscopy (SEM) analysis (Fig. 2) confirmed that
MWCNT/epoxy composites with different CNT concentra-
tions have good homogeneity and dispersion.

In Ref. [23], the optimization of MWCNT/epoxy resin-
based film dispersions was performed. Dispersions in the
range from 0.3 wt.% to 1 wt.% MWCNTSs were synthesized
and deposited on a flexible substrate using screen printing
technique at different deposition rates up to 90 mm/s. Im-
proving the distribution of MWCNTs in the polyurethane
(PU) matrix reduces the percolation threshold and improves
the electrical conductivity and strain-sensitive properties of
MWCNT-filled PU nanocomposites [24]. In this way, it is
possible to improve the calibration coefficients in both
small and large deformation modes. Elastomers with uni-
form CNT distribution have increased resistance to defor-
mation, as well as improved strength and tunable sensitiv-
ity. In Ref. [25], it was shown that the resistance of strain
gauges based on polymers with CNTs changes over time,
both with and without deformation.

The resistance of thin CNT films varies depending on a
number of factors, such as deformation, defects, temperature,
chemical effects and size effects [26]. With increasing defor-
mation or under compressive stress, the geometry and length
of the conductive networks present in the matrix change,
which in turn leads to a deformation-dependent change in
electrical resistance [27]. In most cases, such changes are re-
versible and have a wider range than the changes observed in
their metal counterparts. It is necessary to take into account
modern technological capabilities when using polymer com-
posites associated with the use of 3D printers [28], which al-
lows obtaining sensors with stable parameters [29]. Thus, de-
spite the obvious advantages of strain gauges based on
polymers modified with dispersed conductive structures,
there are problems in creating effective strain gauges capable
of operating under conditions of large deformations with im-
proved sensitivity and measurement accuracy (implementa-
tion of the effect of strain gauge self-compensation with a
combination of a semiconductor material with a negative
temperature coefficient of resistance and a high calibration
coefficient and metal with a positive temperature coefficient
of resistance), as well as improved resource characteristics al-
lowing for long-term operation with multiple compres-
sion/decompression modes. It should also be taken into ac-
count [30] that defects can form in elastomers that have not
even been subjected to external loads and are manifested in
the appearance of cracks during aging. When comparing non-
aged and aged samples, no significant changes were found in
viscoelastic behavior at low deformation, adhesion and fric-
tion. The elongation at break, and therefore the viscosity of
the rubber, is determined by the largest crack-like defects that
grow during the aging process, which leads to a strong de-
crease in these indicators during the aging process.

4. METHODS FOR ASSESSING THE STRUC-
TURAL PROPERTIES OF POLYMERS

To analyze the parameters of polymer composites, Fourier
spectra of acoustic emission signals can be used, which are
suitable for the Kohonen self-organizing map. For the ob-
tained clusters, their nature was determined by peak fre-
quencies and their critical accumulation periods were cal-
culated. In addition, the peak frequencies of the wavelet
decomposition levels were analyzed [31].

To evaluate the parameters of composites, special at-
tention should be paid to the molecular dynamic’s method
as one of the promising methods for studying mechanical
interactions in polymer composites with carbon nano-
tubes. [32]. One of the methods for describing adhesion in
tribological systems is Green's function molecular dynam-
ics [33]. Given the applied pressure and the updated per-
colation paths, a multi-stage approach is used to estimate
the piezoresistivity [34]. After adjusting the positions of
the CNTs in the deformed state using the finite element
method, new paths are identified using the critical distance
criterion for the percolation paths that contribute to the re-
sistance network. The simulation results show good agree-
ment with experimental data on the resistance and piezo-
resistive sensitivity of various CNT elastomer nano-
composites. The finite element method helps to analyze
the influence of the CNT volume fraction, geometric prop-
erties, and orientational configurations on the onset of per-
colation at the critical distance. Lower CNT content leads
to more significant changes in relative resistance due to
fewer percolation paths.

The classical methods of polymer research include
electron microscopy, which allows visualization of poly-
mer morphology and microstructure at the nano- and mi-
crolevel. Atomic force microscopy is also used to study
polymer surfaces, including topography and mechanical
characteristics. Classical mechanical testing, including
compressive, tensile and flexural strength measurements,
is also used to study polymers, providing useful infor-
mation on the mechanical properties of polymers [32].

5. CONSTRUCTION OF POLYMER STRAIN
GAUGES

Polymer strain gauges can have different designs depending
on their application and performance requirements. They
can be either flat, where linear elements with a flat config-
uration can be attached to the surface to be measured. Or
curved, for measuring stresses on curved surfaces. Multi-
sensor devices include multiple sensors in a single device
for simultaneous measurement of different types of stresses
(e.g., tension and compression). The article [35] presents a
method for determining the orientation of strain gauges
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Fig. 3. Scheme for the method of determining the orientation of
strain gauges glued to composite materials with a polymer ma-
trix. Adapted from Ref. [35].

bonded to polymer matrix composites (Fig. 3). Automatic
identification of both the direction of the reinforcing fibers
and the orientation of the strain gauge, respectively, al-
lows the angle between these two directions to be calcu-
lated. Knowing the difference between the nominal value
of this angle and the value actually obtained after gluing
the strain gauge, corrections obtained by calculation can
be applied.

In Ref. [36], it was found that the strain in a silicon re-
sistor can vary by orders of magnitude depending on differ-
ent substrate materials, while the strip length or substrate
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thickness only slightly affect the strain level. While the av-
erage strain in silicon reflects the strain gauge factor, the
maximum strain in silicon determines the extensibility of
the system. Thus, there is a trade-off between the strain
gauge factor and the extensibility of silicon-on-polymer
strain gauges (Fig. 4).

In Ref. [37], piezoresistive pressure sensors capable of
detecting low compressive stress ranges were fabricated
and characterized. The 5.5%5x1.6 mm? sensors consist of a
flat aluminum top electrode and a microstructured bottom
electrode containing a two-by-two truncated pyramid array
with a piezoresistive composite layer sandwiched between
them. The responses of two different piezocomposites, a
MWCNT-elastomer composite and a quantum tunneling
composite (QTC), were characterized as a function of the
applied pressure and the effective contact area (Fig. 5). The
MWCNT piezoresistive composite-based sensor was able
to detect pressures down to 200 kPa. The QTC-based sensor
was able to detect pressures down to 50 kPa depending on
the bottom electrode contact area.

6. CONCLUSIONS

Thus, despite the obvious advantages of strain gauges
based on polymers modified with dispersed conductive
structures, there are problems in creating effective strain
gauges capable of operating under large deformations with
improved sensitivity and measurement accuracy (imple-
mentation of the strain gauge self-compensation effect

B 2D plane
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Fig. 4. Schematic of a thin silicon strip supported by a polymer substrate. (A) 3D schematic of a unit cell. (B) 2D plane. Adapted from

Ref. [36].

Fig. 5. Piezoresistive pressure sensor for detecting low compressive stresses. (a,c) aluminium electrodes; (b) piezoresistive filler com-

posite. Adapted from Ref. [37].
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when combining a semiconductor material with a negative
TCR and a high calibration coefficient and metal with a
positive TCR), as well as improved resource characteris-
tics allowing for long-term operation with multiple com-
pression/decompression modes. Carbon nanotubes play an
important role in the technologies for creating polymer
composites for strain measurement tasks. It is also possi-
ble to change the properties of composites by varying the
type of polymer matrix. The analysis of strain gauge mod-
eling methods is carried out, and their design for measur-
ing various types of mechanical pressure is presented.
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IHonumepHbIe KOMIIO3UTHI C HAHOPA3MEPHBIMU 100aBKAMMU JIJIs1 32124 TEH30MeT-
puM: KpaTKUid 0030p

A.B. lllerosbkos!, B.B. Kamuncknii’, M.A. Uymax®, JI.A. Kaaranos??, A.B. Illeroabkos?

'Kadenpa snexrposnepreruku, TaMGOBCKHIA TOCYIAPCTBEHHbIIN TEXHUYECKHH yHUBEpCHUTET, yir. Coserckas, a. 106, 392000, Tam-
008, Poccus
2VIHCTUTYT MEPCTIEKTHBHEIX CUCTEM TIEPEIadH JaHHbIX, Y HuBepcuter UTMO, KporBepkckwii mip., 1. 49 mur. A, 197101, Cankr-
IMerepOypr, Poccns
3 ®usnko-Texamueckmii uHCTUTYT M. A.D. odde, yn. Monurexamueckas, 1. 26, 194021, Canxr-IlerepGypr, Poccust
4 MOCKOBCKHIA MOJUTEXHUYECKUI YHUBEPCUTET, 1IeHTp NPOEKTHOMN AeaTensHocTH, YL bonbmas CeménoBekas, 1. 38, 107023,
MockBa, Poccust

AHHOTanus. B crarbe paccMOTpeHB! pa3IHIHbIC THIEI ITOJIMMEPHBIX KOMIIO3UTOB C HAHOMATepHaIaMy, KOTOPbIE IPeAHA3HAYCHBI IS
3ama4 TeH3oMeTpruu. HecMoTps Ha sSIBHBIE ITPEMMYIIECTBA TEH30PE3UCTOPOB HA OCHOBE IOIMMEPOB, MOANGHUIMPOBAHHBIX AUCIEPC-
HBIMH IPOBOASIINMH CTPYKTYPaMH, CYIIECTBYIOT IPOOJIEMBI CO3AaHMs 3(h(PEKTUBHBIX TEH30JaTINKOB, 00JIaJafOIINX BO3MOKHOCTHIO
paboTHI B yCIOBUSX OONBIINX Ae(OpMaIyii ¢ yIydIIeHHOH 9yBCTBUTEIFHOCTHIO H TOYHOCTEIO n3MepeHuil. JlanHas npobdiema 3¢ dex-
THUBHO peImIaeTcs npy peaan3anuu 3 (eKTa CaMOKOMIIEHCAIIMY TeH30PE3UCTOPOB B CIIydae HATOMHHUTENICH M3 MOIYIPOBOAHHKOBOTO
MaTepuaia (C OTPHUIATENEHBIM TeMIIePaTypHBIM KO3 (GHUIIMEHTOM CONPOTUBIICHHST) M MeTaiuIa (C IMOJIOKUTEIFHBIM TeMIIEPaTypHBIM
K03()(HUIIHEHTOM COMPOTHBIICHHUS), YTO TAKKE YIYUIIAET PECYPCHBIC XapaKTEPHCTUKH MO3BOJISIS PEan30BaTh JUIUTEIBHYIO IKCILTya-
TAIUI0 ¢ MHOTOKPaTHBIMH PEXUMaMU KOMIIPECCUH/AEKOMIIPpECcCUH. BaXkHOe 3HaueHHE B TAKMX TEXHOJIOTUSIX MTPAET HCIIONB30BAHHUE
YIIepOHBIX HAHOTPYOOK. Kpome Toro, cBoWcTBa KOMIIO3UTOB U3MEHSFOTCSl BAPHHPOBAHUEM THUIIA MTOJMUMEPHON MaTpulpl. B nanHON
pabote TpeicTaBIeH 0030p U IPOBEACH aHAIN3 KOHCTPYKIHMIT IS K3MEPEHUS PA3IMYHBIX THIIOB MEXaHHYECKOT0 IaBJICHHS U METOZIOB
MOJICTUPOBAHHUS TCH30IaTYUKOB.

Knrouesvie cno6a: HAHOKOMITO3UTHI; TIOJIMMEPHI; yriiepoaHbie HaHOTPYyOku; YHT; Tenzomerpust
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