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Abstract Ionic polymer—metal composites (IPMCs)
exhibit humidity-dependent sensing behavior when
operating in air, which weakens the reliability of the
IPMC sensors. To better understand the underlying
physics of this behavior and capture the humidity-
dependence analytically, in this paper the influence of
the ambient humidity on IPMC sensors is characterized
and modeled from a physical perspective. In particular,
we study a cantilevered IPMC beam subjected to base-
excitation inside a custom-built humidity chamber with
controlled humidity level. The empirical frequency
responses of the sensor dynamics under different
humidity levels are first obtained. Charging ex-
periments are also conducted under each humidity
level, in order to identify the corresponding effective
dielectric constant. At each given humidity level, the
humidity-dependent physical parameters are identified
by curve-fitting the measured frequency responses with
the model predictions. These identified parameters
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indicate a noticeable dependence on the humidity,
which is captured with polynomial functions. The
polynomial functions are then plugged into the physics-
based model to predict the sensing output of the IPMC
sensor under other humidity conditions. Additional
experimental results are presented to support the
effectiveness of the model.

Keywords Ionic polymer—metal composite -
Humidity - IPMC sensing - Modeling - Electroactive
polymer

1 Introduction

Ionic polymer—metal composites (IPMCs), one im-
portant class of electroactive polymers (EAPs), have
been studied extensively for the past decade [1, 2].
With built-in sensing and actuation capabilities,
IPMCs hold strong promise for applications in a
number of engineering areas. As actuators, they
require low driving voltages (<3 V) to generate large
bending deformation; as sensors, they have inherent
polarity, capability of working in both air and water,
and direct mechanosensory property, which mini-
mizes the structural complexity for both sensor
construction and signal processing. An IPMC sample
typically consists of one layer of ionomeric membrane
(typically Nafion) and two layers of electrodes
(typically noble metal, e.g. platinum), which are
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formed by chemical deposition on both surfaces of the
membrane. Inside the polymer membrane, anions of
negative charges are fixed to the polymer chains while
cations of positive charges are hydrated and can move
freely. When the IPMC is subjected to a mechanical
deformation, the redistribution of the cations and
accompanying solvent molecules inside the polymer
will generate a detectable electrical signal across the
electrodes, which can be open-circuit voltage or short-
circuit current. This charge redistribution explains the
sensing mechanism of IPMCs. Recent years tremen-
dous effort has been made in the fabrication [3-9],
characterization [10-18] and modeling [19-24] of
IPMC actuators and sensors. Potential applications of
IPMC sensors are also explored for the measurement
of force [25], curvature [26], flow [27] and shear
loading [28], structural health monitoring [29], and
energy harvesting [30-33].

A critical issue for IPMC sensors is that they need
ionic hydration to operate in air. As the most
commonly used solvent in IPMCs, water content
varies with the humidity level of the ambient envi-
ronment, leading to the inconsistent sensing behavior
of an IPMC in air. Therefore, it is of importance to
study the humidity-dependent sensing behavior of
IPMCs. Some work has been reported on character-
izing the influence of humidity on IPMCs. Bauer et al.
[10] studied the humidity influence on the mechanical
properties of a Nafion 117 membrane. Shoji and
Hirayama [11] characterized the humidity influence
on the IPMC actuators experimentally. Brunetto et al.
[12, 13] used a linear model to characterize the
humidity effect on IPMC sensing properties by
statistically studying the sensing signals under typical
working conditions. Park [16] investigated the solvent
evaporation effect on IPMC sensors based on a circuit
model and found the optimum hydration level for a
surface-mounted sensor. On a related note, linear
empirical models have been proposed to capture the
temperature-dependence of IPMC sensors [14] and
actuators [15].

In this paper, in order to understand the underlying
physics of this humidity-dependence and minimize its
influence, we characterize and model the effect of
environmental humidity on IPMC sensors from a
physical perspective. Specifically, we present a dy-
namic physical model for a cantilevered IPMC beam
that is excited mechanically at its base inside a
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custom-built humidity chamber, where the humidity is
feedback-controlled by activating/deactivating a hu-
midifier or a dehumidifier properly. We first measure
the frequency responses of the sensor under different
humidity levels, with the IPMC base displacement as
input and the tip displacement and short-circuit current
as outputs. Constant-voltage charging experiments of
the IPMC are also conducted under each humidity
level. At each given humidity level, we then curve-fit
the empirical frequency responses with the prediction
of the physics-based model to identify the humidity-
dependent physical parameters, including Young’s
modulus, strain-rate damping coefficient, and viscous
air damping coefficient for the mechanical properties,
and ionic diffusivity for the mechanoelectrical dy-
namics. Data from the charging experiments are
directly used to estimate the effective dielectric
constant. These parameters show a clear trend of
changing with the humidity. By fitting the identified
parameters at a set of test humidity levels, the
humidity-dependence of the physical parameters is
captured with polynomial functions, which are then
plugged into the physics-based model for IPMC
sensors to predict the sensing output under other
humidity conditions. The latter humidity-dependent
model is further validated with experiments, indicat-
ing the potential that we can obtain more accurate
IPMC sensor measurements in real-world applications
if the humidity level information is available.

A preliminary version of some results was present-
ed at a conference [34]. The current paper represents
significant enhancements over [34], including an
improved dynamic model incorporating the air damp-
ing term, separate charging experiments to study the
influence of humidity on dielectric constant, new
experimental approach to minimize the gravity effect
and reduce the humidity variation during the data-
collection period, and consideration of the change of
the thickness and the mass per unit length under
different RH levels.

The remainder of the paper is organized as follows.
A dynamic, physics-based model for a base-excited
IPMC sensor is first reviewed in Sect. 2. The ex-
perimental setup and parameter identification process
are described in Sect. 3. The identified humidity-
dependent model and its validation results are pre-
sented in Sect. 4. Finally, concluding remarks are
provided in Sect. 5.
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2 Review of a dynamic model for an IPMC sensor
under base excitation

In this study, we characterize and model the humidity
influence on IPMCs based on a dynamic, physical
model which describes a base-excited IPMC sensor
in the form of a cantilevered beam [35]. The
configuration of base excitation finds potential
applications in energy harvesting and structural
monitoring [29, 36], and is convenient for imple-
mentation in experiments within a relatively large
frequency range. The reviewed model has a closed-
form expression, and combines the vibration dynam-
ics of a base-excited flexible beam and the ion
transport dynamics within the IPMC. Euler—Bernoulli
cantilever beam theory is used to describe the
mechanical vibration of the IPMC, which incorpo-
rates strain-rate damping and viscous air damping.
The governing PDE in [37] is adopted to model the
ion transport dynamics, which accounts for electro-
static interactions, ionic diffusion and ionic migration
along the beam thickness direction. Expressed in
terms of sensor dimensions and fundamental physical
parameters, this model for base-excited IPMC sen-
sors takes the form of a transfer function and relates
the sensing signal (short-circuit current) to the
mechanical base vibration, which enables us to study
the humidity dependence of the physical parameters
based on the experimental observations.

Figure 1 shows the configuration of a base-excited
IPMC, where the beam, clamped at one end (z = 0), is
subjected to a base vibration u(f), generating the
bending displacement w(z, ) along the length direc-
tion and a short-circuit sensing current i(z). The
neutral axis of the beam is denoted by x = 0, and the
two surfaces are denoted by x =h and x = —h,
respectively. The y — z plane is parallel to the beam
plane when the beam is not deformed. Unlike the
configuration in [29, 34], where the beam was excited
up and down, in this study the IPMC vibrates within
the horizontal plane, which is parallel to the x —z
plane. By placing the IPMC in this way, the gravity
effect of the beam mass can be ignored. Assume that
the IPMC undergoes small deformation during the
vibration, and that the IPMC beam has a considerably
smaller thickness 2k than its length L and width b.
Then the beam displacement w(z, t) can be described

Fig.1 Geometric definition of an IPMC beam subjected to base
excitation (fop-view)

by the following Euler-Bernoulli beam equation with
strain-rate (or Kelvin—Voigt) damping and viscous air
damping [38, 39]:

o*w(z, 1) O°w(z,1) ow(z, 1)
YI SI a
6Z4 + C aZ4al + C 6t (1)
N *w(z,1) _o
"o T

where Y denotes the Young’s modulus, I = %bh3 is
the moment of inertia of the beam cross-section, m is
the mass per unit length of the beam, and C; and C, are
the strain-rate damping coefficient and viscous air
damping coefficient, respectively. It is a simple
approach to use viscous air damping to model the
force of air particles that acts on the beam during the
vibration. The composite structure of the IPMC is
assumed to demonstrate linear-viscoelastic material
behavior, hence the strain-rate damping is included
in (1), accounting for the structural damping due to
the internal energy dissipation of the beam. The
transformed displacement W(z,s) is then given by
the following equation in the Laplace domain
[29]:

Ni(z,s)

Wie,s) = () 5 7 @)

where
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D) (s) = cosh?(pL) + cos®(pL),
Ni(z,s) = Dy (s) cos(pz) cosh(pz)
+ Cy(s)(sin(pz) cosh(pz)
— cos(pz) sinh(pz))
— C5(s) sin(pz) sinh(pz),
C(s) = cos(pL) sin(pL) + cosh(pL) sinh(pL),
C3(s) = cosh?(pL) — cos*(pL),
p = ky/s,

s/ Cu+ms
k= \/ 4Is(Y + Cys)’ 3)

and s is the Laplace variable, U(s) is the Laplace
transform of the base excitation u(r). By replacing z
with L, we have the transfer function relating the tip
displacement to the base displacement.

The governing PDE for charge density distribution
p(x,z,t) within IPMC is given by [37]

plx,z,1)  p(x,z,1)
ot ox2
FdC- “)
K.RT

+

(1 - CiAV)p(xa Z, t) = Oa

where F is Faraday’s constant, R is the gas constant, T
is the absolute temperature, AV is the volumetric
change, d denotes the ionic diffusivity, C~ denotes the
anion concentration, and k., denotes the effective
dielectric constant of the polymer. Finally, with the
base excitation U(s) as input and the short-circuit
current I(s) as output, the transfer function for the
complete sensing model is [29]

_I(s) _ s0(s)
H) =06 = ut) .
_ bYs(B(s)hcoth(f(s)h) — 1) Ni(s) )
%0 (s) Di(s)’

where o, is the charge—stress coupling constant [37,
40], and

N3(s) = 2p[cos(pL) sinh(pL) — cosh(pL) sin(pL)],

By =K,

FdC~ -
o (1= CAV), (6)

K4
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3 Experimental methods

The humidity-dependence of the IPMC sensor is
characterized based on the identification of the
humidity-dependent physical parameters of interest
at different humidity levels. To create an environment
with controlled humidity levels, a customized hu-
midity chamber is built, where the humidity level
inside is feedback-controlled by properly activating/
deactivating a humidifier or dehumidifier. Under
different humidity levels, the empirical frequency
responses for the beam dynamics and the sensing
output are obtained, and the static charging responses
of the IPMC are collected. Then at each given
humidity level, the physical parameters are acquired
by curve-fitting the measured frequency response with
the sensing model presented in Sect. 2, except for the
effective dielectric constant k., which is identified
based on the effective capacitance of the IPMC under
static charging.

3.1 Experimental setup

The schematic and the picture of the experimental
setup are shown in Fig. 2a, b, respectively. The
custom-built humidity chamber is made of acrylic
sheets and well sealed. Inside this humidity chamber,
one humidity sensor (HIH-4030, Honeywell) mea-
sures the relative humidity (RH) level and the data
acquisition system (RTI 1104, dSPACE) collects its
sensing result. When the measured humidity level
deviates from the preset value consistently, the control
circuit inside the chamber will receive a control signal
from the dSPACE system and turn on/off the hu-
midifier (EMS-200, Stadler Form) or the dehumidifier
(EDV1100, Eva-Dry) accordingly. A temperature
sensor is also used for monitoring purposes. Near the
humidity sensor, an IPMC sample is clamped at one
end on a rigid bar which goes through the chamber
wall and is fixed on a mini-shaker (Type 4810, Briiel &
Kjer). A flexible shaft cover printed by a 3D printer
(Objet350 Connex, Stratasys Ltd.) is attached to the
rigid bar, allowing the bar to vibrate freely while
maintaining good sealing at the same time. Outside the
humidity chamber, the mini-shaker excites the rigid
bar with some controlled frequency and is mounted in
such a way that the vibration direction is within the
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Fig. 2 The schematic (a) and photo (b) of the experimental
setup

horizontal plane. Two laser displacement sensors
(OADM 2016441/S14F, Baumer Electric) are mounted
against the IPMC beam, measuring the base displace-
ment and the tip displacement, respectively. The beam
dynamics recorded by these two laser sensors allows us
to identify the mechanical parameters separately. Note
that the mounting frame for the laser sensors is isolated
from the table where the mini-shaker is mounted. The
signal conditioning module consists of a two-tier
amplification circuit used to measure the short-circuit
sensing current generated by the IPMC in the base-
excitation experiments, a current sensor used to
measure the charging current in the static charging
experiments, and a switch circuit to switch the
measurement between sensing current and charging
current. Figure 3 shows the schematic of the two-tier
amplification circuit, which consists of two cascaded
operational amplifiers (op-amps). Op-amp 1 (OPA124,
Texas Instruments Incorporated) is a low noise preci-
sion difet operational amplifier with high impedance.
Since the inverting input of op-amp 1 is virtually the
ground, the two electrodes of the IPMC sensor are

IPMC

Ry

>

Op—amp 1

Op—amp 2

Fig. 3 Two-tier amplification circuit for measuring the short-
circuit sensing current of the IPMC sensor

Table 1 Physical constants and directly measured parameters

F (C/mol) R (Jmol™'K™1) T (K) L (mm)
96,487 8.3143 293 27.68

b (mm) h (um) m (g/m)
5.26 130-150 3.48 —3.68

short-circuited. Op-amp 2 is introduced for gain
adjustment. In our experiment, we use R; =
470kQ, R, = 10kQ, and R3; = 20kQ. Generation of
control signal and vibration stimulus, acquisition of all
the sensor output, and data processing are all per-
formed through the dSPACE system. The IPMC
sample used in this paper was originally purchased
from Environmental Robots Inc. (Na* based). To
reduce its surface resistance significantly, the sample
was deposited with a layer of gold (0.2 um thick) on
each side in the e-beam physical vapor deposition
system (Kurt Lesker AXXIS™ PVD system).

Table 1 lists the physical constants and the pa-
rameters obtained through direct measurement. The
temperature and the geometric dimensions are read
directly from the temperature sensor and a digital
caliper (Neiko 01407A), respectively. Note that there
are two values for both the thickness and the mass per
unit length. For each case, the first value was obtained
by measuring the sample at 0 % RH level and the
second one at 100 % RH level. Assuming that the
change of the thickness and the mass per unit length is
linear with the RH level, we use linearly humidity-
dependent 2 and m for the rest of the paper to minimize
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the influence of varying geometry and weight of the
IPMC sensor caused by the different humidity levels.
For the length L and width b, there are much less
noticeable changes in their measurement, hence they
are treated as constants in this paper.

3.2 Parameter identification

To investigate the IPMC sensing dynamics under
different humidity levels, experiments for the base-
excitation and the static charging are repeated at
varying RH levels ranging from 38 to 80 %. The lower
bound of RH levels is determined by the capability of
the dehumidifier and the sealing of the humidity
chamber, while the upper bound is determined by the
measuring limitation of laser sensors (the chamber wall
loses transparency under high RH levels). At each
testing RH level, the IPMC sample is first base-excited
under a sweep frequency ranging from 10 to 150 Hz,
followed by switching off the circuit for the base-
excitation experiment. After stabilization for 10 s, the
circuit for the static charging experiment is switched on
and the charging current of the IPMC is collected. By
switching on/off the measurement circuit for sensing
current or charging current, the electrical correlation
between the two measurements is minimized. After a
new testing RH level is set, the humidity sensor output
needs to be monitored. Once the RH level becomes
stable, itis ready for the experiments. This stabilization
process usually takes 2-3 min. Then it takes 80 s to
complete both of the experiments, during which the RH
level inside the chamber is maintained constant. Due to
the excellent sealing of the chamber, the maintained
RH level throughout an experiment shows a maximum
variability of +3%. The lower frequency bound is
determined by the mini-shaker characteristics and the
base-excitation configuration (sensing signal is weak
under low frequency), while the upper bound is
determined by the response time of the laser displace-
ment sensors (close to 1 ms). Despite the experimental
limitation, the test range of RH level and vibration
frequency covers many applications that are of
interest. The whole experimental setup is located in
a well-maintained laboratory, where the temperature is
kept at 20°C. The monitoring output of the tem-
perature sensor indicates a temperature variability less
than 42 °C, therefore the temperature influence on the
IPMC sensor performance is not considered in this
study.
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The Young’s modulus Y, strain-rate damping
coefficient Cy, and viscous air damping coefficient
C, are first identified by the empirical frequency
response for the beam dynamics with the IPMC base
displacement u(¢) as input and the tip displacement
w(L, t) as output, as shown in (2). Both u(¢) and w(L, )
are measured by the laser sensors. To be specific, we
fix an excitation frequency f and acquire u(z) and
w(L, t). Fast Fourier transform (FFT) is performed on
u(r) and w(L, t) to extract the amplitudes and phases of
these two signals, which are then used to compute the
magnitude gain and phase shift of the beam dynamics
at that particular frequency. By repeating this process
for other vibration frequencies, we obtains the em-
pirical frequency response for the beam dynamics.
Since the viscous air damping coefficient C, is much
smaller than Y and Cy, C, is first assumed to be zero;
then the two parameters Y and C; are tuned by curve-
fitting the frequency response of the mechanical
dynamics using the Matlab function fininsearch. Next,
the fitted values of Y and C; are used as the initial
values for a new run of curve-fitting which includes
Y,Cs, and C, together. By estimating the three
mechanical parameters in this way, we can avoid
local optimal solutions of fminsearch.

The effective dielectric constant k., is identified
through the constant-voltage charging process, where
a voltage of 0.1 V is used. Here IPMC is treated as a
parallel-plate capacitor which contains the hydrated
polymer that completely fills the space between the
plates, and the capacitance is given by: C,q, = K, %

2h
ap WL

with Cqp = %, where U, is the fixed charging voltage

[41]. Therefore, k., can be calculated via k., = C,

and the accumulated charge Q. is measured by
integrating the charing current. We note that in reality,
IPMC electrodes are not perfectly flat conducting
plates, which implies that the aforementioned ap-
proach for measuring ., could introduce error. Con-
sidering (6), we can verify that the influence of x, on
the overall model is limited when the diffusivity
constant d is less than 10~ 13 mz/s, which is close to the
maximum fitted value of d throughout the tested RH
range in this work. In general, however, a more
accurate method for determining x,. is expected to
result in improved prediction performance of the
sensing model.

Once Y,C;,C, and x, are identified, they are
plugged into the sensing model H(s) for estimating the
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remaining parameters (see below) using a similar
curve-fitting strategy. Two experimental data are used
together to identify the parameters, as shown in Fig. 4
for one result of curve-fitting under RH of 70 %.
Similar results are observed under other testing RH
levels. For the effective dielectric constant, the mean
value of two experimental measurements is used (see
Fig. 8). Note that the second experiment was repeated
two days after the first experiment; however, no
significant variability was found between these two

(a)
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Fig. 4 Comparison of the measured frequency responses with
model predictions (with identified parameters) under relative
humidity of 70 % for: a beam dynamics (input: base excitation;
output: tip displacement); b sensing dynamics (input: base
excitation; output: IPMC short-circuit current)

experiments. Considering that the repeatability per-
formance of an IPMC sensor in air is typically
weakened by the changing temperature and humidity
level in the ambient environment, it is expected to
have consistent results between experiment 1 and
experiment 2 in Fig. 4 where the data were collected at
the same room temperature (20°C) and the same
humidity level.

4 Results and discussion

There are eight physical parameters in total in the
sensing model H(s), of which three (Y, Cy, and C,) are
from the beam dynamics in (1), four (AV,C~,d, and
K.) are from the charge dynamics in (4), and one («,) is
from the assumption in [37, 40]. For those four
parameters from the charge dynamics and the charge—
stress coupling constant o,, we only focus on the
discussion on the ionic diffusivity d and the dielectric
constant x,, both of which have explicit physical
properties and have showed considerably large hu-
midity-dependence in the experimental results. Since
|C-AV| <« 1 [37], we take 1 — C~AV = 1, thus the
volumetric change AV is ignored in the sensing model
H(s). Instead, the volumetric change is taken into
account by using the linearly humidity-dependent &
and m (see Table 1). The anion concentration and
charge—stress coupling coefficient did not show clear
dependence on humidity in our experiments and are
thus treated as constants (94.64 J/C).

4.1 Humidity-dependent parameters

Figures 5, 6, 7, 8, 9 show the identified five physical
parameters corresponding to a set of ten relative
humidity levels (38 % and from 40 to 80 % with each
increment of 5 %). By fitting the values of each
parameter at different RH levels with the least-square
method (“polyfit” function in Matlab), we obtain low-
order polynomial functions of the RH (ranging from
38 to 80 %) for these five parameters. To be specific,
Fig. 5 shows the identified Young’s modulus Y at
different relative humidity levels (denoted as ¢, ),
along with the approximating quadratic function

Y(h,) = —2.134 x 10°¢2 + 1.521 x 107,

7
+6.309 x 108. @
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Figure 6 shows the identified strain-rate damping
coefficient Cy along with the approximation by the
quadratic function

Cs(h,) = —1.812¢ +5.057 x 10%¢, + 3.542 x 10*.
(8)
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Figure 7 shows the identified viscous air damping
coefficient C, along with the approximation by the
quadratic function

Cu(¢,) = 1.080 x 107%¢2 —9.044 x 107°¢, +0.051.
9)

Figure 8 shows the measured effective dielectric
constant k, along with the approximation by the
quadratic function

ke(,) = 6.499 x 1077¢? — 6.026 x 107,

10
+0.0023, (10)

and Fig. 9 shows the estimated ionic diffusivity d
along with the approximation by the six-order poly-
nomial function
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d(¢,) = — 1.285 x 10721¢% +4.307 x 1071243
—5.928 x 10717¢* +4.291 x 10714}
—1.724 x 10_]3¢3
+3.645 x 107'2¢p, —3.1713 x 10711,

(11)

Among three mechanical parameters (Y, Cs, C,),
the Young’s modulus Y and the strain-rate damping
coefficient C continuously decreases and increases,
respectively, as the humidity level goes up. Based on
the understanding of their physical characteristics, it is
reasonable to have such observation for Y and C;.
Young’s modulus is a measure of the material
stiffness, and is expected to drop when the material
becomes softer under increasing RH levels. Strain-rate
damping accounts for the structural damping due to
the internal energy dissipation of the beam. When the
beam absorbs more water moisture into its polymer
structure, the internal energy dissipation is expected to
be faster, thus the damping coefficient C; becomes
larger. The air viscous damping coefficient C, is also
expected to increase with the RH level. While Fig. 7
shows that the identified C, overall shows an increas-
ing trend, the values between 60 and 70 % RH seem to
be deviating from this trend. While the exact expla-
nation for this phenomenon is still under investigation,
we believe that the relatively weak contribution of the
air viscous damping in the beam dynamics equation
(1) reinforces the randomness of the identified C,
through curve-fitting with the non-ideal experimental
conditions.

The effective dielectric constant x, is directly
measured through the constant-voltage charging pro-
cess, during which the IPMC sensor is treated as a
parallel-plate capacitor containing the hydrated ionic
polymer as the dielectric. Since the dielectric constant
of water is larger than that of the ionic polymer, it is
expected to see that x, continuously increases when
the RH level goes up. Similarly, for ionic diffusivity d,
it is straight forward to expect continual growth when
the humidity level increases. The general trends of the
identified parameters in Figs. 8 and 9 are consistent
with these expectations. It can be seen in Fig. 9, d
grows very slowly at the RH levels <60 %. Beyond
this point, d starts to keep increasing quickly. Since the
ionic diffusivity d varies in a relatively large range
from the scale of 107" to 10713, a high-order

polynomial function is used to approximate it. There
are also other functions that can be used to fit the data
in Fig. 9.

4.2 Validation of humidity-dependent model

To verify its prediction capability, we construct the
humidity-dependent models for beam dynamics (2)
and IPMC sensing (5) at the relative humidity of 68 %
based on the humidity-dependent parameters of
Y(,),Ci(9,), Ca(,), ke(,), and d(¢,) evaluated
at ¢, = 68, respectively, based on (7), (8), (9), (10),
and (11). Note that 68 % RH was chosen arbitrarily,
but not used in data-fitting for approximating the
polynomial functions. We have also constructed the
similar models based on some fixed parameters, which
were parameters identified under the RH level of
45 %. 45 % RH was also chosen arbitrarily and for
comparison purpose only. These models are denoted
as humidity-independent models. Figure 10 shows the
comparison of beam dynamics between the measured
frequency response and the two predicted frequency
responses based on the humidity-dependent models
and humidity-independent models, and Fig. 11 shows
the comparison of sensing dynamics. It can be seen
from both figures that good agreement is achieved
both in magnitude gain and phase shift between the
experimental measurement and the prediction of the
humidity-dependent model, but the prediction of the
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Fig. 10 Comparison of the measured frequency responses of
beam dynamics with the two model predictions at the relative
humidity of 68 %. The base displacement and the tip
displacement are the input and output of the system, respectively
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Fig. 11 Comparison of the measured frequency responses of
sensing with the two model predictions at the relative humidity
of 68 %. The base displacement and the short-circuit current are
the input and output of the system, respectively

humidity-independent model shows large discrepancy
from the measured frequency response, indicating that
the proposed modeling approach is effective in
capturing the humidity-dependent mechanical and
sensing dynamics for IPMC.

5 Conclusion

In this study, we investigated the influence of humidity
on IPMC sensing behavior from a physical perspec-
tive. We characterized and modeled the IPMC sensing
dynamics by identifying the humidity-dependent
physical parameters, including the Young’s modulus,
strain-rate damping coefficient, viscous air damping
coefficient, effective dielectric constant, and ionic
diffusivity. The empirical frequency responses of the
sensor under different humidity levels were first
obtained using a custom-built humidity chamber with
controlled humidity levels, where the IPMC sensor
was base-excited within the horizontal plane to
minimize the gravity effect. The humidity-dependent
physical parameters were then estimated by curve-
fitting the measured frequency responses based on the
proposed physics-based model. We also conducted
charging experiments on the IPMC sensor and directly
identified the effective dielectric constant. These
parameters show a clear trend of change with the
humidity. We further modeled the humidity-depen-
dence of the physical parameters with polynomial

@ Springer

functions, which were then plugged into the physics-
based model to predict the sensing output under other
humidity conditions. Experimental results have
validated the humidity-dependent model.
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