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This article investigates analytically and experimentally the mechano-chemo-electrical
behavior of ionic polymer-metal composite (IPMC) and engineered IPMC (elPMC)
sensors under extensional loading. To predict the sensing response of elPMCs, a detailed
model is proposed incorporating a composite layer (CL) for the abraded interface between
polymer and electrode. We present open-circuit voltage and short-circuit current sensing
predictions derived from this model, and we validate them via experiments on anisotropic
extensional loading of IPMCs. Experimental results demonstrate that our sensors’ electri-
cal outputs align well with theoretical predictions, thereby validating our findings and

enhancing our understanding of eIPMC strain sensor behavior.
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1 Introduction

Ionic polymer—metal composites (IPMCs) are a class of polymer-
based smart electroactive materials that have recently been the
subject of intense research, in view of possible applications in
various fields, including bioengineering, soft robotics, human—
machine interfaces, and rehabilitation devices [1,2]. IPMCs are
valued for their multiphysics properties and their dual functionality
as sensors and actuators [3—7]. Most previous research has concen-
trated on the actuator mode of IPMCs, while less attention has so
far been given to their sensing mode. The generally accepted mech-
anism for sensing in IPMCs lies in the redistribution of electric
charges within the electroactive polymer caused by a mechanical sti-
mulus. Within the sensing literature, the primary focus has been on
bending mode sensing [8], while a few studies have explored com-
pression sensing [9]. However, due to the low sensitivity of IPMCs
in compression, practical applications have been limited. It is gener-
ally understood that the low sensitivity of IPMC sensors under com-
pression is primarily due to the microstructural symmetry between
their top and bottom interfaces. This symmetry restricts the develop-
ment of inhomogeneous internal strain during compressive loading,
which is essential for effective sensing. Our previous works
[10-12] have addressed the low sensitivity issue by introducing the
so-called engineered IPMC (eIPMC) materials with superior
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sensitivity in the compression sensing mode. The novel eI[PMCs
also exhibit better performance compared to traditional IPMC
sensors under bending conditions. The enhanced eIPMC sensitivity
in both compression and bending modes inspires us to investigate
other loading conditions and sensing modes.

In this work, we study mechano-chemo-electrical transduction of
IPMCs and eIPMCs under extensional loading conditions by
enhancing our previous approach in Ref. [13]. Transduction in
this mode is theoretically expected, as the engineered interfaces
will promote inhomogeneous strain upon extension, contrary to
the case of ideal IPMCs with flat interfaces.

In our previous work, the composite layer (CL) was analyzed
using two-dimensional micromechanics, as the (homogenized)
behavior is isotropic under compression. In the present study, we
employ three-dimensional micromechanics to model the anisotropic
mechanical behavior of the abraded interface as a composite layer in
both the directions parallel and orthogonal to the grooves. Through
this analysis, we are able to define a new transduction gain, which
allows us to reinterpret the circuit model results presented in
Ref. [13] for the present case of extensional strain sensing. To the
best of our knowledge, there is no comprehensive study on these
sensors under extension. Thus, the contributions of this work are
as follows: (i) the first-ever investigation of IPMC and eIPMC
sensors under extensional loading conditions, (i) a new
micromechanics-based model for studying the anisotropic
mechano-chemo-electrical behavior of these sensors, (iii) a new
set of voltage and current performance experiments on the sensor
response of [PMCs and eI[PMCs, and (iv) an investigation of the
dynamic behavior of eIPMC sensors.
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Fig. 1 Schematic representation and nomenclature of the problem: (a) elPMC with one-side abraded polymer. (b) Model of the

abraded interface to an equivalent fiber—-matrix composite lamina. (c) elPMC under extensional loading orthogonal to the
groove direction (“orthogonal” elPMC). (d) elPMC under extensional loading parallel to the groove direction (“parallel” elPMC).
(e) Homogenization to mechanically anisotropic composite layer.

2 Problem Statement and Modeling

The problem is schematically depicted in Fig. 1(a), along with the
relevant nomenclature. We investigate mechano-chemo-electrical
transduction through a one-dimensional through-the-thickness (x
direction) problem for an e[PMC with semi-thickness /%, featuring
grounded engineered and free electrodes at x = 0 and x = 2h, respec-
tively. The eIPMC is fabricated using the polymer abrading technique
[11]. During fabrication, one side of the polymer is abraded, and
during the plating process, the created grooves are filled with metal.
Despite the idealized shape of the grooves in Fig. 1(a), the realistic
shape of the abrasions was experimentally documented in Ref. [12].
In the absence of more precise information on the microstructure,
inaccessible without destroying the sample, we content ourselves
with the hypothesis of idealized rectangular grooves and present the
qualitative micromechanics results that such hypothesis would imply.

This interface is modeled as a CL comprising a mixture of
polymer and metal. This CL is modeled as a unidirectional trans-
versely isotropic fiber-reinforced lamina with metal “fibers” and a
polymer “matrix,” as shown in Fig. 1(b), to capture the anisotropy
of the groove microstructure.

To investigate anisotropic sensing, we will consider two different
loading conditions in the xy local coordinate system. The exten-
sional load is applied using a substrate at the bottom surface of
the sensor, orthogonal, or parallel to the fiber (groove) direction,
as depicted in Figs. 1(c) and 1(d), respectively. These configura-
tions are referred to as “orthogonal” and “parallel” eIPMCs.

The eIPMC sensor model consists of four layers from bottom to
top: lower electrode, CL, polymer region, and upper electrode. The
CL is modeled as a homogeneous, but anisotropic, layer, as shown
in Fig. 1(e), so that its mechanical properties differ in the global X
and Y directions. To compare the anisotropic functionality of
orthogonal and parallel eIPMCs, we also consider a conventional
IPMC that does not have engineered interfaces between polymer
and electrodes. The conventional IPMC is referred to as the
“control” IPMC in the following.

2.1 Micromechanical Model. Previous works on IPMC [9]
and eIPMC [13] sensing indicate that inhomogeneous strain in

the through the thickness direction is the driver of
mechano-chemo-electrical transduction. It is thus essential to under-
stand the mechanical problem of e[PMC strain in the extensional
case. To this aim, we formulate a simple micromechanical model
to interpret response anisotropy and transduction. We focus on
the mechanics of the CL region. The polymer and metal are
assumed to be mechanically and electrochemically homogeneous
and isotropic. The mechanical properties of the composite layer,
based on the micromechanics of a lamina, are expressed using the
bridging model of Huang [14]. Accordingly, effective transversely
isotropic material properties in the CL depend on polymer and metal
elastic constants and volume fractions.

To determine the mechanical behavior of the eIPMC and charac-
terize the dilatation profile driving the sensing behavior, we con-
sider two separate plane strain problems in the xy local coordinate
system. These problems involve the quasi-static application of
uniform forces F' applied to the left and right sides of the substrate
layer, see Figs. 1(c) and 1(d). In both cases, all layers are assumed
to be perfectly bonded.

To capture the qualitative dilatation profile in the elPMC upon
application of the forces F, a representative finite element method
(FEM) simulation is setup to understand fundamental properties
of the strain field. For a given value of the extensional force
applied to the substrate, the strain profiles of the eIPMC sample
are calculated and shown in Fig. 2. In the representative FEM simu-
lation, a linear and orthotropic behavior is assumed for the compos-
ite layer and linear, homogeneous, isotropic elastic behaviors are
assumed for both electrodes and polymer layers. Using linear
static plane strain FEM analysis, the dilatation fields A =g, + ¢,
were determined based on micromechanical models (as discussed
earlier) for both loading conditions applied to the eIPMC, see Fig. 2.

Far from the electrode where the extensional load is applied, the
dilatation tends to zero (consistently with free edge condition).
Since for enhanced sensitivity it is necessary to exploit the stress
concentration generated at the engineered electrode [10], this obser-
vation informs the first finding of our study, that is, the
elPMC-engineered electrode must be in the proximity of the
applied load in the extensional case. In a practical scenario, the
engineered electrode of the stretch sensor eIPMC should therefore
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Fig.2 Finite element results of the strain in the x and y directions (¢4, £/), and the dilatation A = ¢, + ¢, for (a) orthogonal elPMC and
(b) parallel elPMC. (c) Piecewise dilatation of the parallel and orthogonal elPMCs. Mechanical properties of the polymer and metal
are E, =171GPa, E, = 372MPa, G,, = 61.5GPa, G, = 124.8 MPa, v, = 0.39, v, = 0.49, and V,, =V, = 0.5. The composite layer is
located in 0 < x/d < 1, and the polymer region is located in 1 < x/d < 20.
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be attached to the test surface. In this configuration, in the vicinity of
the engineered electrode, the strain field is complicated and two
dimensional, and the absolute value of the dilatation decreases
over the thickness of the composite layer.

The dilatation distribution is required in both CL and polymer
regions as an input to the mechano-chemo-electrical analysis. Con-
sistently with the previous minimal mechanical models, we postu-
late a piecewise constant dilatation field in the eIlPMC through the
thickness direction. Representative piecewise constant dilatation
profiles in the CL and polymer region are shown in Fig. 2(d) and
are calculated as average values of the dilatation as shown in
Figs. 2(a) and 2(b), between 0 < (x/d) <1 and 1 < (x/d) <20,
respectively. The dilatation fields are written as follows:

Ap(x, 1) = Apey(D) )]

where subscripts cl and B indicate the CL and polymer region,
respectively, and &,(¢) represents the substrate strain caused by the
external substrate force F, see Figs. 2(c) and 2(d). We find that
the constant A is larger in the orthogonal e[PMC compared to
the parallel eIPMC (of a factor of the order of 10). The constant
Ap (generally much smaller than A.) is larger in the parallel
eIPMC. The qualitative results of this minimal mechanical model
will be used in the next section to couple the electrochemical
description of elPMCs to the external mechanical strain.

Ag(x, 1) = Aqe(D);

2.2 Equivalent Circuit Model and eIPMC Sensor
Response. In this section, we develop the equivalent circuit
model of the eIPMC sensor and the prediction of open-circuit
(OC) voltage and short-circuit (SC) current response. The complete
solution process is similar to what described in our previous work
[13]. Specifically, while the model and boundary conditions are
the same as shown in Ref. [13], the difference lies in the application
of extensional strain instead of external compression force. Conse-
quently, the dilatation profile differs, as described by Eq. (1). For
completeness, the outline of the solution procedure is provided.
Assuming small deformations, electric potentials, and deviations
of the counterion concentration from the concentration at rest, we
use the generalized linear mechano-chemo-electrical Poisson—
Nernst-Planck equations [13] for both the CL and polymer
regions. The strain field in Eq. (1) is incorporated as dilation in
these equations. After nondimensionalizing the equations and all
the boundary, continuity, and initial conditions, the problem is
solved analytically using the matched asymptotic expansion
method.

After determining the electric potential and counterion concentra-
tion fields, the current—voltage relationship of the eIPMC is derived
using matching conditions. Thus, the physics-based equivalent
circuit of the elPMC can be determined as shown in Fig. 3. The
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Fig.3 (a) Equivalent circuit of the elPMC strain sensor. (b) Sche-
matic representation of the electrochemical effects under exter-
nal substrate strain.
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dimensional values (per unit nominal eIPMC surface area) of the
circuit elements are Cp =¢y/d, CpL =¢/ip, W=¢ DC1¢2//12,
and R= Zhﬁ) /€D. Here, €. and & are the permittivity of the CL
and polymer region, respectively. and D, and D are the diffusivity
of the CL and polymer region, respectively. The parameters d and &
are the CL thickness and polymer semi-thickness, respectively.
Additionally, ip is the Debye screening length, and ¢ indicates
the volume fraction of the polymer in the CL. Note, in the circuit,
the presence of a Warburg impedance element [15], with impedance
Zw(s) = 1/(W./s), which models resistance to mass transfer and is
associated with the effect of the CL [16]. Finally, Ve is the
sensing voltage, which can be understood as a controlled voltage
source, regulated by the external strain.

In the Laplace domain, the dimensional sensing voltage, OC
voltage, and SC current are given by

_(RT | Fymyes(s)

T @

Voc(s) = —Viense(s) =

(eRTD)/(Fhip)(m/5)res(s)

Isc(s) = 25+ 2m) /s + (m+2) + (n+ Dm/ /s

3

where s is the Laplace variable, R is the universal gas constant, 7
denotes the IPMC temperature, and F represents Faraday’s cons-
tant. In addition, we have defined the nondimensional parameters
y=aj —az, m=+/Dad?/(6D), and n = de/(hey), with & = Ap /h.

The parameter m is a measure of the relative diffusivity between
the CL and the polymer region, while the parameter  is a measure
of relative permittivity between the polymer and CL. Additionally,
in Egs. (2) and (3), the parameter y is the transduction gain, which
depends on the difference in dilatation between the CL and
polymer region. This is conceptually similar to the case of a compres-
sion elPMC sensor [10], where y is a function of the microstructure at
the elPMC polymer—metal interface. However, for the case discussed
in this article, y is also a function of the characteristics of the applied
load, as the strain is inhomogeneous even for a conventional IPMC.

2.3 Modeling Results and Predictions. Based on the derived
equivalent circuit model of Fig. 3, the model includes three capaci-
tances, function of the permittivity of the bulk polymer and CL, the
thickness of the CL, and the Debye screening length. The capacitance
Cpy. in the parallel branch is a double-layer capacitance, developing
over a characteristic thickness Ap, in the vicinity of the CL—electrode
interface. The capacitance C,, represents the capacitance associated to
the charge storage in the CL, developing over a thickness d. The
capacitance Cpy, represents the double-layer capacitance near the
interface between the polymer and the nominally flat electrode. Addi-
tionally, R is the through the thickness resistance in the eIlPMC due to
resistance of the polymer membrane to counterion diffusion. Finally,
the Warburg impedance W depends on counterion diffusion within
the CL, the permittivity of the bulk region, and 4p.

Our model assumes that the e]PMC sample has one abraded
interface and one nominally flat interface. Although the model is
not directly applicable to the control sample with two flat interfaces,
we recognize that the actual control sample has some roughness at
its polymer—metal interfaces, functioning as thinner CLs [16].
Therefore, we can use the modeling framework to establish a qual-
itative comparison between the control and eIPMC samples. Based
on findings in Ref. [16], ¢ < & and D > D,y; therefore, IPMCs are
expected to have a smaller value for m and a larger value for n com-
pared to e[PMCs. On the basis of these observations, we summarize
below the main theoretical predictions of our model, to be verified
later with experiments.

(P1) The OC voltage and SC current have a direct correlation
with the transduction gain y. When all other parameters
are the same, as y =a; —ap is larger in the orthogonal
sample, the orthogonal eIPMC sample exhibits higher OC

JANUARY 2026, Vol. 6 / 011003-3
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voltage and SC current sensitivity compared to the parallel
eIPMC.

(P2) For moderately low-frequency ranges, the eIPMC OC
voltage response tracks the applied external strain. Con-
versely, the SC current response has high-pass differentia-
tor characteristics, responding to the strain rate.

(P3) For equal applied external strain, the electromechanical
properties of the control sample are worse (smaller m and
larger n parameters) than the elPMC sample. From Egs.
(2) and (3), the sensitivity is thus higher for e[PMCs.

3 Experiments

3.1 Experimental Setup. IPMC and eIPMC samples were
fabricated as detailed in our previous studies [11,13]. For eIPMC
samples, the ionomeric polymer Nafion-1110 is abraded in one
direction on a single surface using 220-grit sandpaper to form par-
allel grooves before standard electroless chemical reduction fabrica-
tion. The experimental setup for elPMC OC voltage and SC current
measurements under extensional strain is shown in Fig. 4.

To measure the response to extensional strain on e[PMC and
IPMC samples, one surface of the sensors is affixed to a clamped
plastic substrate plate undergoing slight bending deformation.
Bending deformation is imposed on the plate with a mechanical
shaker, see Fig. 4(c). A resistive strain gauge, mounted on the
plate, serves as reference to measure the actual strain. To ensure
pure bending, the imposed displacement is applied precisely at

011003-4 / Vol. 6, JANUARY 2026

the center of the substrate plate free edge, avoiding torsional displa-
cement in the substrate via the use of an aluminum block. All
samples and the reference strain gauge are attached parallel to the
clamping fixture, positioned far enough from the plate edges to
further ensure equal external strain application to all samples, see
Fig. 4(b). This setup allows us to apply time varying external
strains with different frequencies simultaneously to all samples
and the reference strain gauge.

The setup uses a signal generator and a power amplifier to drive
the electrodynamic shaker. The shaker stinger is rigidly connected
to the plate free edge via the aluminum block, see Fig. 4(c). Far
from the plate edge, the control sample, orthogonal eIPMC, resis-
tive strain gauge, and parallel eIPMC are attached to the substrate.
The eIPMC and IPMC samples, covered with conductive copper
tape connected to the data acquisition system, are attached to the
substrate plate using liquid cyanoacrylate glue.

Three identical amplification circuits are used for the orthogonal
eIPMC, parallel eIPMC, and control IPMC samples, see Fig. 4(a).
The OC voltage and SC current amplification circuits (inverting
amplifier circuit) consist of two resistors, R; =910Q
and R, =17.75kQ. An LM324N operational amplifier,
powered by a DC power supply, is used. The amplified voltages
are V, =(—Ry/R1)Voc and V, = (—Ry)Isc in case of OC voltage
and SC current measurements, respectively. The amplified voltages
V, are acquired by a NI USB-6341 DAQ board.

Two resistive strain gauges, each with a resistance of 120Q and a
sensitivity factor of 2.0 + 1%, are used. The top strain gauge is
attached to the top surface of the substrate plate in the same line

Transactions of the ASME



as the e]PMC and IPMC samples, while the bottom strain gauge is
attached directly opposite on the underside of the substrate plate,
see Figs. 4(a) and 4(b). These two strain gauges are connected to
a Wheatstone bridge circuit, powered by a DC voltage supply.
The output voltage from the Wheatstone bridge is connected to
the DAQ board. The strain can be calculated using the formula
e=2(V, — V,1)/(SVs), where V, and V,; are the output voltage
and initial output voltage (before deformation), respectively, S is
the sensitivity factor of the strain gauge, and Vj is the DC supply
voltage of the Wheatstone bridge circuit.

A N1LABVIEW VI (configured with 10,000 samples to read at 1 kHz
sampling rate) is used to collect data from the orthogonal eIPMC,
parallel eIPMC, control IPMC samples, and the resistive strain
gauge.

4 Results

4.1 Quasi-Static Open-Circuit Voltage Response. To exper-
imentally characterize the behavior of the eIPMC sensor, we apply a
sinusoidal extensional strain with a frequency of 0.5Hz and an
amplitude of 6x 10™*strain to simulate quasi static sensing.
Figure 5 shows the actual (measured data divided by amplification
gain) OC voltage data for this test. Figures 5(a)-5(c) show the OC
voltage of the control IPMC, orthogonal eIPMC, and parallel
e[PMC. For all of these measurements, for clarity of presentation,
a low pass filter with frp = 15 Hz is applied to the measurements.

In the limit of zero frequency, from Eq. (2),
Voc(s) = —(RT /F)yes(s). By neglecting small phase shift in the
sensor output at low frequency, we calculate the static gain
between applied strain (as measured by the strain gage) and the
sensor voltage output via least square fitting. We find approximately
31 mV/strain for the control IPMC, 50 mV /strain for the parallel
eIPMC, and 88 mV /strain for the orthogonal eI[PMC. This demon-
strates that e]PMC sensors have greatly enhanced sensitivity
(almost 300%) compared to conventional IPMC sensors, as per pre-
diction P3. As predicted by our micromechanical model prediction
P1, eIPMCs exhibit a marked anisotropic response, with larger
sensitivity in the orthogonal sensing mode, similarly to conven-
tional strain gages.

4.2 Dynamic Open-Circuit Voltage Response to Sine Input
Strain. To experimentally investigate the dynamic behavior of the
strain e[PMC sensor, we apply various sinusoidal external strain

Time [s]

Fig. 5 Actual OC voltage responses to external strain at 0.5 Hz
frequency: (a) control sample, (b) orthogonal elPMC, and (c) par-
allel elPMC
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Fig. 6 OC voltage sensitivity for orthogonal, parallel, and
control samples. Error bars indicate three standard deviations.

profiles with constant frequencies ranging from 5Hz to 10Hz to
the setup as described earlier. Throughout this work, we focus on
the relatively low-frequency behavior of the eIPMC sensor. In partic-
ular, we systematically neglect dynamic effects on the mechanics
time scale (which is assumed to respond much slower than the che-
moelectrical time scale). To compare the OC voltage sensitivities
of the control IPMC, orthogonal eIPMC, and parallel eIPMC
samples over different frequencies, the OC voltage sensitivities of
all samples at each frequency were calculated and plotted in Fig. 6.
The measurement window comprises 10 s of excitation and identifi-
cation is performed over 1-s windows. Figure 6 thus displays
average and standard deviations of the sensitivities for each fre-
quency. The results demonstrate that in all frequency ranges, the
eIPMC orthogonal eIPMC shows higher sensitivity than the parallel
eIPMC and the control IPMC shows the lowest sensitivity. We find
sensitivities of approximately 50 mV/strain, 70 mV/strain, and
70 — 160 mV /strain, for the control, parallel, and orthogonal
samples, respectively, demonstrating superior dynamic sensitivity
for eIPMC sensors. These results are consistent with predictions P1
and P3. Before each test at each frequency, we added de-ionized
water to each sample using a syringe. The observed dip in the sensi-
tivity of the orthogonal eIPMC at 6 Hz may be attributed to variations
in dehydration levels or differing rates of water absorption in the
sample before the test at this specific frequency. Since no similar
dip is observed in the parallel eIPMC or the control IPMC, it is
unlikely that the dip results from frequency-dependent electrochem-
ical relaxation or ionic redistribution dynamics, which typically affect
all configurations similarly by reducing net charge separation.
Despite these effects, the sensitivities are approximately
constant over the studied frequency range, consistently with Eq. (2)
and prediction P2, that is, the OC voltage output correctly captures
the strain.

4.3 Dynamic Short-Circuit Current Response to Sine Input
Strain. Because of the presence of a /s term in the numerator of
Eq. (3), the current response is not sensitive to static strain; there-
fore, we focus here on the dynamic excitation case. To investigate
SC current performance of the strain e[PMC sensor, we apply
various sinusoidal extensional strain with constant frequencies
ranging from 5Hz to 10Hz to the eIPMC strain sensor sample
using the setup described earlier.

Similar to the case of OC voltage, SC current sensitivities of all
samples at each frequency were calculated. Results are plotted in
Fig. 7 along with their error bars. The results show that in all fre-
quency ranges, the orthogonal eIPMC sensor shows higher sensitiv-
ity than the parallel eIPMC, and the control IPMC shows the lowest
sensitivity. At high frequencies, we find sensitivities of approxi-
mately 300 pA/strain, 1100 pA/strain, and 2000 pA/strain, for
the control, parallel, and orthogonal samples, respectively, demon-
strating superior dynamic sensitivity for elPMC sensors. These
results are consistent with our modeling predictions P1 and P3.

JANUARY 2026, Vol. 6 / 011003-5
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Fig. 7 SC current sensitivities of control and elPMC samples.
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The error bars associated with the OC voltage sensitivity were
larger than those for the SC current, likely due to the voltage
signal’s greater sensitivity to electrochemical drift, electrode condi-
tion, and environmental noise. In contrast, the SC current reflects
more immediate ionic motion and is less affected by long-term or
cumulative disturbances, resulting in more consistent measure-
ments. Importantly, consistently with prediction P2, the eIPMC
sensors in the SC current sensing mode are very suitable for
strain rate measurements, as their sensitivity increases as the input
frequency increases. A strong linear trend is indeed observed with
slopes of approximately 18 uA/strain/Hz, 75 uA/strain/Hz, and
138 pA/strain/Hz, for the control, parallel, and orthogonal
samples, respectively.

5 Conclusions

This article investigates, for the first time, the mechano-
chemo-electrical behavior of IPMC and eIPMC sensors under
extensional strain, both analytically and experimentally. A detailed
model incorporating a composite layer for the abraded interface
between the polymer and electrode was developed. We presented
the OC voltage and SC current sensing predictions derived from
this model and validated them via an experimental campaign. Con-
sistent with our previous work, this article focuses on the develop-
ment of a predictive model of the sensor behavior of eIlPMCs based
on fundamental physical principles. Necessarily, several simplify-
ing operating assumptions are needed, thus the result in qualitative
predictions. In our work, all the qualitative predictions of the model
are systematically presented and are experimentally verified, thus
supporting our modeling approach and hypotheses.

The experimental results demonstrate superior performance of
eIPMC sensors in (quasi)-static and dynamic sensing over conven-
tional IPMCs, whereby voltage measurements are preferable for
estimation of strain and current measurements for estimation of
the strain rate. In addition, experiments confirm the predicted aniso-
tropic sensing behavior, which is a novel feature of our eIPMC
material and is not generally observed in conventional IPMCs.
These findings suggest that elPMC sensors are highly suitable for
use under external strain loads, potentially broadening their
applications in various soft robotics scenarios. In particular, the
anisotropic performance of parallel and orthogonal eIPMC
sensors makes them suitable for strain gauge rosette-like configura-
tions, for the determination of the biaxial state of stress at a point,
and can thus provide a valuable tool in experimental stress analysis
and in feedback control systems.
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