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Abstract
In this paper, we report the development of tailored 3D-structured (engineered) polymer-metal
interfaces to create enhanced ‘engineered ionic polymer metal composite’ (eIPMC) sensors
towards soft, self-powered, high sensitivity strain sensor applications. We introduce a novel
advanced additive manufacturing approach to tailor the morphology of the polymer-electrode
interfaces via inkjet-printed polymer microscale features. We hypothesize that these features can
promote inhomogeneous strain within the material upon the application of external pressure,
responsible for improved compression sensing performance. We formalize a minimal
physics-based chemoelectromechanical model to predict the linear sensor behavior of eIPMCs
in both open-circuit and short-circuit sensing conditions. The model accounts for
polymer-electrode interfacial topography to define the inhomogeneous mechanical response
driving electrochemical transport in the eIPMC. Electrochemical experiments demonstrate
improved electrochemical properties of the inkjet-printed eIPMCs as compared to the standard
IPMC sensors fabricated from Nafion polymer sheets. Similarly, compression sensing results
show a significant increase in sensing performance of inkjet-printed eIPMC. We also introduce
two alternative methods of eIPMC fabrication for sub-millimeter features, namely
filament-based fused-deposition manufacturing and stencil printing, and experimentally
demonstrate their improved sensing performance. Our results demonstrate increasing voltage
output associated to increasing applied mechanical pressure and enhanced performance of the
proposed eIPMC sensors against traditional IPMC based compression sensors.
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1. Introduction

Recent research efforts have emphasized the critical need
for soft strain sensors for a variety of applications, span-
ning from bioengineering, rehabilitation and medicine, soft
robotics, to human-machine interactions [1, 2]. Despite desir-
able soft mechanical characteristics, many current soft strain
sensors often suffer from the major drawback of necessitating
externally powered electric circuits, which convert the strain-
induced changes of electrical impedance of the sensor into
usable electrical signals. This severely limits the possibility
to make such sensors light weight, comfortable to wear, and
capable of functioning over long periods of time. On the other
hand, existing self-powered sensors, for example piezoelec-
tric ceramics, are typically stiff, non-stretchable, and limited
to small deformations [3]. Thus, there is a clear and urgent
need to identify novel material systems, including for example
flexible piezoelectric or triboelectric nanogenerators [4], that
combine self-powered behavior with soft mechanical charac-
teristics for creating next generation strain sensors.

Ionic polymer metal composites (IPMCs) are smart elec-
troactive soft composite materials that comprise a thin elec-
trically charged polymer membrane, plated with noble metal
electrodes, and infused with a charged solution [5–8]. In the
sensing mode, when mechanical deformation is imposed on
an IPMC strip, redistribution of the mobile ions within the
membrane results in an electrical signal at the IPMC elec-
trodes [9]. The concept of IPMC sensors is extremely attractive
because of their soft nature (effective Young’s modulus [10] of
the order of 100 MPa), their excellent linearity with respect to
imposed mechanical deformations [9], and their self-powered
operation (IPMC sensors do not require batteries or external
energy sources). However, most studies have focused on the
feasibility of IPMCs as actuators, while only few have con-
sidered force and displacement sensors [11–14] and energy
harvesting devices [10, 15–17]. Additionally, the vast majority
of the sensing applications have explored exclusively bending
mode systems.

The long-standing challenges of limited sensitivity [12],
poor property control, and non-versatile modes of opera-
tion have so far dramatically hampered the use of IPMC
sensors. Specifically, IPMCs exhibit extremely large variab-
ility in terms of their multiphysics properties (in particu-
lar, capacitance [18]). Variability and inconsistency, in turn,
demand extensive property and performance characterization
of each individual IPMC sample before use in any sensor
system. Furthermore, until recent advancements [19–22], the
limited understanding of the fundamental nature of material
response to non-bending deformation in IPMCs has effect-
ively precluded major breakthroughs in the development of
non-bending mode sensors. In particular, a theoretical explan-
ation of the compression sensing mode (electrical transduc-
tion of deformation in the thickness direction due to applied
pressure normal to the electrodes) was only offered in 2017
in [22] and therein attributed to inhomogeneous strain through
the IPMC thickness. Since in traditional IPMCs the inhomo-
geneous deformation depends on material properties that can-
not be controlled by design during the fabrication process,

traditional IPMC sensitivity in compression mode is typically
very low (e.g. 3 µA per 1% strain deformation [22]). There-
fore, this very attractive sensing mode has not so far been
well explored although, very recently, the work in [23] pro-
poses IPMCs pressure sensors with a gradient shape designed
to induce stress (and strain) inhomogeneities across the sensor
thickness.

This paper tackles the challenge of dramatically improv-
ing the multiphysics properties of IPMCs by, for the first
time, directly engineering the role of polymer-metal interface
in defining the material response. Specifically, we hypothes-
ize that the multiphysics sensing properties of IPMCs can be
significantly enhanced by tailored polymer-metal interfaces.
To test this hypothesis, we introduce three advanced additive
manufacturing (AAM) methods for the fabrication of a novel
embodiment of IPMC sensor technology, that we name ‘engin-
eered IPMCs’ (or, eIPMCs for short), namely: (a) inkjet-
printed eIPMCs with microscale features at the polymer-metal
interface, (b) filament-based fused-deposition manufactured
(FDM 3D printed) eIPMCs, inspired by recently-developed
IPMC 3D-printing fabrication process [24], and (c) stencil-
printed eIPMCs, inspired by the recent results in [25]. These
architectures leverage the design of electrode-polymer inter-
face micro- and sub-millimeter-scale structures to enhance
IPMC sensing performance, particularly in the compression
sensing mode. Furthermore, a minimal physics-based chemo-
electromechanical model that captures structure-property-
performance relationships to demonstrate enhanced capacit-
ance and strain sensing performance is proposed. The model
can also be used to inform the design of engineered inter-
faces in eIPMC material. Thus, the contributions of this paper
consist in the development of a new class of materials, that
is, eIPMCs, with experimentally demonstrated superior mul-
tiphysics properties for high sensitivity strain sensor applic-
ations and in a set of validated predictive modeling tools
for their multiphysics behavior. Importantly, our exploratory
results demonstrate enhanced performance of the proposed
sensors against traditional IPMC based compression sensors.

The rest of the paper is organized as follows. In section 2,
we propose a minimal, physics-based chemoelectromechan-
ical model to describe compression sensing in eIPMCs. In
section 3, we present our novel inkjet printed eIPMC samples,
describing the fabrication process, electrochemical property
testing and relations with the designed microstructure, and
compression sensing performance. In section 4 we propose
two alternative manufacturing processes for creating eIPMC
materials with sub-mm features and present their compression
sensing behavior results. Some general remarks are offered in
section 5 and conclusions are articulated in section 6.

2. Modeling eIPMC compression sensors

2.1. Problem statement and nomenclature

The problem under consideration is schematically depic-
ted in figure 1, along with the relevant nomenclature. We
study the chemoelectromechanical transduction via a purely
one-dimensional through-the-thickness problem for an eIPMC
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Figure 1. Schematic representation and nomenclature of the
problem, with detail of the engineered interface region. Here,
V is the electric potential at the movable electrode, p is the
applied pressure, h is the polymer semithickness, x is the
through-the-thickness coordinate. Young’s modulus and Poisson’s
ratio are Ep and νp for the polymer and Em and νm for the metal
electrodes, respectively. Geometry of the representative engineered
interface is described by polymer feature size sf, polymer feature
height df, and periodic spacing spp between features.

of semithickness h with its grounded engineered electrode at
x= 0 and its movable conventional (nominally flat) electrode
at x= 2h. For simplicity, we will consider a two-dimensional
pattern in the interface of the engineered electrode, assumed to
be fabricated by some additive manufacturing process on the
polymer side, with given dimensions as shown in figure 1. The
prototypical topography in figure 1 could represent ridges in
the direction orthogonal to the page or pillar-like cylindrical
structures arranged in the plane x= 0 of the electrode. As
explained later, we will forego a detailed description of the
interface and will assume that the polymer-metal interface is
sharp and located at x= 0. Young’s modulus and Poisson’s
ratio of the material are indicated with E and ν, respect-
ively, with a subscript p or m to indicate polymer or metal,
respectively. The polymer is assumed to be mechanically and
electrochemically homogeneous and isotropic. We will con-
sistently neglect the presence of steric effects [26], compos-
ite layers [27], and electrode surface roughness [18, 28]. We
will also assume that the electrodes are perfectly rigid and
conductive.

2.2. A minimal mechanical model

To describe the essential aspects of the eIPMC mechanical
behavior, we will consider a one-dimensional plane strain
compression model, upon quasi-static application of a pos-
sibly time-varying uniform pressure p(t) normal to the mov-
able electrode initially at x= 2h. Far from the engineered elec-
trode at x= 0, the (engineering) stress field in the material
is uniform and given by −p while the (engineering) strain
is given by ϵx =−p/Ep ≡−ϵR with, obviously, ϵy = 0. Here,
the symbol ϵR is used to indicate the absolute value of the

remote uniform strain p/Ep. In the vicinity of the engineered
electrode, the strain field becomes significantly more complic-
ated due to stress concentration effects and the geometric pat-
tern on the engineered electrode. This inhomogeneous deform-
ation developed in the eIPMC is responsible for the sensing
behavior, as also pointed out in [22].

In order to capture the inhomogeneous deformation,
rather than formalizing a homogenization procedure for the
micromechanical properties of the engineered electrode, for
example along the lines of [29], we conduct a representat-
ive finite element simulation on a simplified model to under-
stand fundamental properties of the strain field, see figure 2.
In the representative simulation, we assume linear elastic,
homogeneous and isotropic behavior for metal and polymer,
we set Em = 100Ep, νm = 0.3, and νp = 0.49, and we design
a simple periodic pattern for the protrusion of the engin-
eered electrode, with sf = df = spp/2. These values are rep-
resentative, and chosen to highlight the large stiffness con-
trast between the polymer (essentially incompressible) and the
metal phases. The hypothesis of linear elastic, homogeneous
and isotropic behavior for IPMC material is common in the
literature [10, 22]. We conduct a linear static plane strain ana-
lysis on a representative section of eIPMC and we determine
the dilatation field ∆= ϵx+ ϵy (or trace of the strain tensor),
that is, the local relative change in volume of the polymer upon
mechanical compression [10], see figure 2.

As expected, simulations show that, far from the engin-
eered electrode, the dilatation is simply equal to the remote
strain value ∆= ϵx =−ϵR. In the vicinity of the engineered
electrode, on the other hand, the strain field becomes two
dimensional, with ϵy ̸= 0. The absolute value of the dilatation
decreases over a lengthscale of the order of df (which can be
presumed of the same order of the height of the protrusions
in the electrode pattern) to a value at the electrode interface
at x= 0, whose exact magnitude may depend in a complic-
ated way on material and geometric properties of the interface.
As an example, two specific dilatation profiles are shown for
two locations (highlighted by the solid and dashed cut lines in
figure 2). These profiles highlight jump behavior of the dilata-
tion at the transition between polymer and metal. To avoid
the need of a description dependent on the y-coordinate, we
consider quantities averaged in the y-direction over an integer
number of periods of the electrode topography. These averages
display a peculiar behavior which is summarized by observing
that: (a) far from the electrode, ∆=−ϵR; (b) in the polymer/
metal protrusions region,∆ decreases (in absolute value) until
a final value is reached in (c) the electrode bulk region, com-
prised of only metal.

Based on these findings, in the following we will assume
that the representative y-averaged behavior of the dilata-
tion can be sufficiently well described, in a simplified one-
dimensional analysis, by the following model

∆(x, t) =−
p(t)/Ep

{1+αexp[−(x/df)2]}
(1)

where now the parameter α takes on the role of a tuning para-
meter, in the absence of a more detailed micromechanical
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Figure 2. (a) Representative finite element results obtained in COMSOL Multiphysics software package on the dilatation∆/ϵR in the
eIPMC subject to uniaxial compression in the x-direction. Symmetry boundary conditions are used on the lateral faces of the model. The
bottom face is fixed and a uniform vertical displacement is applied to the top face. Note that the dilatation of the electrode is essentially
negligible as compared to that of the polymer. (b) Strain profiles for ϵx and ϵy and dilatation profile∆. In (b), data shown as solid and dashed
lines are taken along the solid and dashed cut lines in (a), taken through the metal and through the polymer protrusions, respectively. (c)
Actual dilatation profile averaged in the y-direction (solid line) and simplified (continuous) dilatation profile (dash-dotted line).

homogenization which is outside the scope of this paper.
Figure 2 shows the actual dilatation profile (solid line) com-
pared with the one (dashed line) obtained from equation (1)
with α= 1. As explained later, the detailed form of
equation (1) has only limited impact on the description of
the sensing behavior, so we satisfy ourselves with the simple
representation offered above. The important point to note in
equation (1) is that the parameter α represents a measure of
the asymmetry in the mechanical behavior of the regions in
proximity of the engineered electrode and the conventional
electrode. Specifically, if both electrodes were conventional
and nominally flat and identical, we would have α= 0.

It is worthwhile to remark that a different physical inter-
pretation for equation (1) can be obtained by assuming
that the polymer membrane is a material with functionally
graded Young’s modulus, sandwiched between flat electrodes,
that follows a spatial variation described by Efg(x) = Ep{1+
αexp[−(x/df)2]}. Here, the deformation response under a uni-
form applied pressure would have a one-dimensional solu-
tion with ϵx(x, t) =−p(t)/Efg(x) = ∆(x, t) and ϵy = 0. Based
on this interpretation, an alternative simplified (but discon-
tinuous) model for the eIPMC Young’s modulus could be
given as Efg(x) = Ec for x< df and Efg(x) = Ep for df <
x< 2h, where Ec represents a homogenized modulus of the
interface which thus resembles a composite layer [27] for
mechanical properties. The homogenized modulus Ec can
be estimated for example via the ‘inverse rule of mixtures’,
postulating uniform stress in the interface region, so that
Ec = [ϕ/Ep +(1−ϕ)/Em]

−1, where ϕ is the volume frac-
tion of the polymer (volume of polymer per unit volume of

interface) and can be in principle estimated by the interfacial
topography. For example, for the minimal problem in figure 2,
since ϕ= 0.5 and Ep ≪ Em, we have Ec ≈ Ep/ϕ which would
lead to the (in this case, quite accurate) estimate∆=−p/Ec ≈
−ϕp/Ep =−0.5 ϵR. Alternatively, tighter bounds based on the
detailed shape of the interface can be proposed [30]. However,
in this paper we prefer to maintain the continuous description
of the dilatation field as in equation (1), rather than the piece-
wise continuous form that would stem from this approach,
although in the following we will often discuss implications
of this alternative modeling choice.

We remark that this derivation has been obtained independ-
ently of possible chemoelectromechanical coupling, effect-
ively separating the problem in two simpler substeps, the first
of which consists in determining the mechanical deformation
in response to a pressure input. In what follows, we will use
this local dilatation in the second substep, where the imposed
mechanical deformation (and resulting dilatation) will be
correlated to the chemoelectromechanical response of the
eIPMC.

2.3. Linear chemoelectromechanical sensing

Here, we will focus on the linear response of the eIPMC com-
pression sensor, under the hypothesis of small deformations,
electric potentials, and deviations of the counterion concentra-
tion from the concentration at rest. The governing equations
for IPMC chemoelectromechanical sensing behavior in the
nonlinear case have been developed in [9], and further signi-
ficantly enriched in [22, 31]. With specialization to the case
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at hand, and following in part [32], a linearized version of the
equations in [9] is given by

−ε0εr
∂2 ψ(x, t)
∂x2

= F{c(x, t)− c0[1−∆(x, t)]}

(2a)

∂c(x, t)
∂t

+ c0
∂∆(x, t)
∂t

= D

[
∂2c(x, t)
∂x2

+
Fc0
RT

∂2 ψ(x, t)
∂x2

]
.

(2b)

Equation (2a), consistent with the model in [10], is Pois-
son’s equation, which establishes the relationship (Gauss’ law)
between the electric potential ψ and the free charge in the
eIPMC, where F is Faraday’s constant, c is the concentration
of mobile counterions, c0 is the concentration of fixed ions,
and ε0 and εr are the vacuum permittivity and the eIPMC relat-
ive permittivity, respectively, and assumed to be constant. It is
important to note that the concentrations ofmobile counterions
and fixed ions are calculated with respect to the deformed
volume of the eIPMC. Equation (2b) is the linearized gener-
alized Nernst-Planck equation which establishes conservation
of charge in the eIPMC. Here,D is the counterion diffusivity in
the bulk polymer, R is the universal gas constant, and T is the
IPMC temperature. Note that, when compared to the model
reported in [10], equation (2b) is enriched with the import-
ant advective term c0 ∂∆/∂t, see also the discussion in [32],
to capture the change in concentration, even in the absence of
ion flux, due to the mechanical deformation of the eIPMC. The
right hand side of equation (2b) is also recognized as the (neg-
ative) divergence of the linearized ion flux J which is defined
as J=−D[∂c/∂x+(Fc0)/(RT)∂ψ/∂x].

The governing equations are subject to appropriate bound-
ary and initial conditions. We set here initial chemoelec-
tromechanically neutral conditions as p(0) = 0, ψ(x,0) = 0,
and c(x,0) = c0. Boundary conditions are such thatψ(0, t) = 0
at the grounded electrode and ψ(2h, t) = V(t) at the movable
electrode. The value of V will be prescribed later in the study
of short-circuit (SC) or open-circuit (OC) conditions. In addi-
tion, as customary, we prescribe ion-blocking conditions at the
electrodes at x= 0 and x= 2h, which set the ion flux to zero
at the polymer-electrode interfaces, that is, J(0, t) = J(2h, t) =
0 [32].

As in standard practice, it is convenient to nondimension-
alize the governing equations and their boundary conditions
by scaling all lengths and displacements with the poly-
mer semithickness h, the time variable t with a character-
istic time t0 to be defined in the following, and the electric
potential ψ with the thermal voltage Vth = RT/F. In addi-
tion, it is useful to nondimensionalize the applied pressure
p with the bulk Young’s modulus of the polymer Ep, so
that p/Ep = p̃, where the superimposed tilde notation indic-
ates a nondimensional quantity. Thus, the dilatation becomes
∆(x̃, t̃) =−p̃(̃t)/K(x̃), with K(x̃) = 1+αexp[−(x̃/d̃f)2]. We
also define the nondimensional counterion over-concentration
χ̃(x̃, t̃) = [c(hx̃, t0 t̃)− c0]/c0. Similarly, we define ψ̃(x̃, t̃) =
ψ(hx̃, t0 t̃)/Vth and J̃(x̃, t̃) =−∂[χ̃(x̃, t̃)+ ψ̃(x̃, t̃)]/∂x̃.

With these positions, and neglecting the explicit depend-
ence on the independent variables, the nondimensional form
of equations (2a) and (2b) reads

−δ2 ∂
2 ψ̃

∂x̃2
= χ̃− p̃/K, (3a)

∂χ̃

∂ t̃
− 1
K
∂p̃
∂ t̃

= δ

[
∂2 χ̃

∂x̃2
+
∂2 ψ̃

∂x̃2

]
, (3b)

where we have also defined δ = λD/h as the ratio between
the Debye screening length λD =

√
(ε0 εrRT)/(f 2 c0) and the

polymer semithickness h. Similarly, nondimensional bound-
ary conditions are ψ̃(0, t̃) = 0, ψ̃(2, t̃) = Ṽ(̃t), with Ṽ(̃t) =
V(t0 t̃)/Vth, and J̃(0, t̃) = J̃(2, t̃) = 0. In the derivation of
equation (3b), we let the characteristic time t0 = (λDh)/D,
that is, the diffusion timescale within the charge boundary lay-
ers [28]. Note that this timescale will allow us to conveniently
separate the evolution of the mechanical phenomena from that
of the electrochemical phenomena and, from a physical per-
spective, corresponds to considering mechanical deformations
significantly slower than the typical electrochemical times-
cales, which is of the order of milliseconds [28]. Note that the
form of the presented equations and boundary conditions is
slightly different from that used in [22], as the concentrations
therein are expressed per unit undeformed volume.

It is important to note that, in practical IPMC and eIPMC
applications, λD ≈ 10−10m and the parameter δ is thus of
the order of 10−6 [33]. Therefore, equations (3a) and (3b)
describe a singularly perturbed system whose solution is best
attacked by way of matched asymptotic expansions [34]. We
will sketch below the solution procedure, which follows the
steps in [22, 33]. In the rest of the derivation, we will drop the
superscript tilde for notational convenience although we will
consistently refer to nondimensional variables, except where
explicitly noted. We will also use a superimposed dot notation
to indicate time derivatives and a prime notation to indicate
spatial derivatives.

2.4. Matched asymptotic expansions

We consider a bulk zone in which an outer expansion is sought,
and two boundary layer zones, in proximity of the polymer-
metal interfaces, where inner expansions are sought. The idea
is sketched in figure 3 and the relevant governing equations are
developed in the following.

2.4.1. Outer expansion. In the eIPMC bulk, we consider a
regular asymptotic expansion of χ and ψ in terms of the small
parameter δ, such that χ(B) = χ

(B)
0 + δχ

(B)
1 + δ2 χ

(B)
2 + . . . and

ψ(B) = ψ
(B)
0 + δψ

(B)
1 + δ2 ψ

(B)
2 + . . ., where the symbol (B)

indicates the outer expansion in the bulk. Substituting these
representations in equations (3a), and approximating the outer
solution with its leading order term of O(δ0), we obtain

χ(B) ≈ χ
(B)
0 = p/K(x) (4a)
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Figure 3. Schematic representation of the strategy of matched
asymptotic expansions, with labels indicating the three expansion
zones.

ψ(B) ≈ ψ
(B)
0 =−p/K(x)+A(B)

1 (t)x+A(B)
0 (t) (4b)

where A(B)
1 (t) and A(B)

0 (t) are yet unknown integration para-
meters, functions of time.

2.4.2. Inner expansion at the grounded electrode. In the
vicinity of the grounded electrode at x= 0, we magnify the
spatial coordinate by introducing the stretched variable ξg =
x/δ, where the subscript g stands for grounded electrode. We
perform the change of variables in equation (3a) and seek
a regular asymptotic expansion of χ and ψ in the bound-
ary layer region in terms of the small parameter δ, such
that χ(G) = χ

(G)
0 + δχ

(G)
1 + δ2 χ

(G)
2 + . . . and ψ(G) = ψ

(G)
0 +

δψ
(G)
1 + δ2 ψ

(G)
2 + . . ., where the symbol (G) indicates the

inner expansion in the boundary layer at the grounded elec-
trode. Thus, at the leading order, equations (3a) and (3b)
reduce to χ(G)

0 +(ψ
(G)
0 ) ′ ′ = p/K(0) and (χ

(G)
0 +ψ

(G)
0 ) ′ ′ = 0,

and by approximating χ(G) and ψ(G) with their O(δ0) terms,
we obtain

χ(G) = p/K(0)+C(G)
2 (t)e−ξg , (5a)

ψ(G) =−p/K(0)−C(G)
2 (t)e−ξg +A(G)

0 (t), (5b)

where A(G)
0 (t) and C(G)

2 (t) are yet unknown integration para-
meters, functions of time. In the derivation of equations (5a)
and (5b), we have also used the fact that these solutions
must be bounded as ξg →∞, thus effectively determining the
null values of the integration constants in the diverging terms
C(G)
1 (t)eξg and A(G)

1 (t)ξg of the solution.

2.4.3. Inner expansion at the movable electrode. In
the vicinity of the movable electrode at x= 2, we mag-
nify the spatial coordinate by introducing the stretched
variable ξe = (2− x)/δ, where the subscript e stands for

movable electrode. We perform the change of variables in
equations (3a) and (3b) and seek a regular asymptotic expan-
sion of χ and ψ in the boundary layer region in terms of the
small parameter δ, such that χ(E) = χ

(E)
0 + δχ

(E)
1 + δ2 χ

(E)
2 +

. . . and ψ(E) = ψ
(E)
0 + δψ

(E)
1 + δ2 ψ

(E)
2 + . . ., where the sym-

bol (E) indicates the inner expansion in the boundary layer at
the movable electrode. By closely following the steps above,
we obtain

χ(E) = p/K(2)+C(E)
2 (t)e−ξe , (6a)

ψ(E) =−p/K(2)−C(E)
2 (t)e−ξe +A(E)

0 (t), (6b)

where A(E)
0 (t) and C(E)

2 (t) are yet unknown functions of time
and, as above, we have enforced boundedness of solutions at
ξe →∞.

2.4.4. Matching. The inner and outer expansions determ-
ined above must be matched in such a way they share
a common limit in their overlap regions [34] so that, in
particular, limx→0ψ

(B) = limξg→∞ψ(G) and limx→2ψ
(B) =

limξe→∞ψ(E), and similarly for the over-concentration solu-

tions. These conditions yield immediately A(B)
0 (t) = A(G)

0 (t)

and A(B)
0 (t)+ 2A(B)

1 (t) = A(E)
0 (t).

The next matching condition pertains to continuity of
the ion flux and can be enforced through the process
devised in [33]. Summarizing the procedure, by integrating
equation (3b) from the electrode to an arbitrary location in
the polymer bulk, enforcing the ion-blocking condition at the
interface, specializing the left-hand side to the inner solution
and the right-hand side to the outer solution, and considering
only the leading order of the solution, the matching yields

Ċ(G)
2 (t) = A(B)

1 (t) =−Ċ(E)
2 (t). (7)

Finally, the last matching condition stems from enforcing
the voltage boundary conditions at the electrodes on the inner
solutions. These are

ψ(G)(ξg = 0) =−p/K(0)−C(G)
2 (t)+A(G)

0 (t) = 0, (8a)

ψ(E)(ξe = 0) =−p/K(2)−C(E)
2 (t)+A(E)

0 (t) = V. (8b)

We now combine together the matching conditions and
equations (8a) and (8b), and take a Laplace transform of
equation (7), using a hat to indicate transformed quantities and
letting s the Laplace variable. Then, we obtain the following
linear system for Â(B)

1 and Â(B)
0{

(−s−1)Â(B)
1 + Â(B)

0 = p/K(0)

(2+ s−1)Â(B)
1 + Â(B)

0 = p/K(2)+V.
(9)

Solution of the linear system, conveniently performed via
Cramer’s rule, completes the determination of the unknown
integration constants Â(B)

1 and Â(B)
0 , that is,

Â(B)
1 =

s
2(s+ 1)

V̂+
s[1/K(2)− 1/K(0)]

2(s+ 1)
p̂, (10a)
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Â(B)
0 =

1
2(s+ 1)

V̂+
K(0)+K(2)[1+ 2s]
2K(0)K(2)(s+ 1)

p̂, (10b)

from which the other constants can be directly determined, if
desired. For ease of notation, we denote with γ = [1/K(2)−
1/K(0)] = α/(1+α)which represents ameasure of the asym-
metry of the mechanical properties of the eIPMC in the vicin-
ity of the grounded electrode (the engineered electrode) and
the movable electrode (the conventional electrode). In partic-
ular, 0⩽ γ ⩽ 1 and note that, if the two interfacial regions are
nominally identical with no asymmetry, then γ= 0 and the
term p̂ disappears from Â(B)

1 .

2.4.5. Sensor behavior. Rather than providing the compos-
ite solution for the fields ψ and χ throughout the eIPMC
domain, we opt to characterize the eIPMC sensor behavior
by calculating the eIPMC current output (per unit nominal
surface area) associated to the mechanical deformation and
the electrochemical response. To this aim, we first calculate
the charge storage at the electrodes as the jump of the elec-
tric displacement at the polymer-metal interfaces, that is, q̂=
ψ̂ ′(0) =−ψ̂ ′(2), see also [10]. Specializing this expression at
the grounded electrode, we have q̂= Ĉ(G)

2 . From equation (7),
it is thus evident that the eIPMC current, being equal to the
time derivative of the charge, is given by Â(B)

1 so that, in
summary

Î=
s

2(s+ 1)
V̂+

sγ
2(s+ 1)

p̂= Y(s)V̂+G(s)p̂, (11)

with obvious meaning of the symbols Y(s) and G(s).
Equation (11) is thus our main modeling result, demonstrat-
ing that the current output of the eIPMC depends through an
admittance on the voltage across its electrodes, and the mech-
anical deformation behaves as a voltage generator [10].

It is instructive to give equation (11) a physical interpret-
ation in terms of an equivalent electric circuit with lumped
parameters. Specifically, by dividing equation (11) through by
Y(s), and letting Z(s) = 1/Y(s) = (2+ 2/s) as the (nondimen-
sional) impedance of the eIPMC, equation (11) becomes

V̂= Z(s)̂I− γp̂, (12)

which represents the governing equation for the equivalent
lumped circuit in figure 4. It should be noted that the imped-
ance Z(s) of the eIPMC comprises the series arrangement of
one resistor (of nondimensional resistance R= 2) and two
capacitors (each of nondimensional capacitance C= 1) mod-
eling diffusion through the bulk thickness of the polymer and
capacitive effects due to charge double layers at the polymer-
electrode interfaces, respectively.

We can thus distinguish two principal operating modes for
the eIPMC compression sensor: the open-circuit (OC) voltage
sensing mode and the short-circuit (SC) current sensing mode.
In the OC voltage sensing mode, the circuit is open and there-
fore Î= 0. Thus, the voltage across the eIPMC electrodes upon
application of normal pressure is given by

Figure 4. Equivalent lumped parameter circuit of the eIPMC
compression sensor.

V̂OC =−G(s)
Y(s)

p̂=−γp̂. (13)

Note that, at the timescale of the analysis of this paper, the
eIPMC OC voltage output instantaneously follows the mech-
anical input. This is consistent with what observed for example
in [9]. Importantly, if no mechanical asymmetry is present in
the eIPMC, γ= 0 and no voltage is observed upon applic-
ation of the mechanical pressure, see also [22]. Conversely,
in the SC current sensing mode, the electrodes of the eIPMC
are shorted and therefore V̂= 0. Thus, the current through the
eIPMC upon application of normal pressure is given by

ÎSC = G(s)p̂=
γs

2(s+ 1)
p̂. (14)

Note that, differently from the OC voltage, the SC current
response depends on the rate of change of the applied pressure
(via the term sp̂) and its dynamics is mediated by the time con-
stant of the RC equivalent circuit. It is illustrative to consider
the response to a step input pressure, for which p̂= p0/s, with
p0 the magnitude of the step input (normalized by Ep). In this
case, the nondimensional time domain response of the current
is given by ISC(t) = (γp0/2)e−t. Once again, if no mechan-
ical asymmetry is present in the eIPMC, no current transient
is observed upon application of the mechanical pressure.

2.4.6. Observations on the role of the parameter γ. For
the problem at hand, if we were to revert to the discontinu-
ous functionally graded material description mentioned in
section 2.2, the parameter γ could be alternatively estimated
as γ = 1− [ϕ+(Ep/Em)(1−ϕ)], whose closed-form expres-
sion depends on the contrast between the polymer and metal
elastic moduli and the volume fraction in the interfacial region.
Again, if Ep ≪ Em, γ ≈ 1−ϕ. Interestingly, this connection
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allows us to estimate the tuning parameter α in the dilatation
model in equation (1) from the polymer volume fraction at the
interface and vice versa. Indeed, observing that α/(1+α) =
1−ϕ, we have α= (1−ϕ)/ϕ and ϕ= 1/(1+α), both in
agreement with figure 2 which showed α= 1 and ϕ= 1/2.

Finally, this equivalence shows that a physical meaning
for the tuning parameter α can be sought in the ratio of the
volumes of metal and polymer at the interface and, under the
simplifying assumptions discussed above, γ is well approxim-
ated by the metal volume fraction at the interface. Although
motivated by a two-dimensional, plane strain reasoning and
under significant simplifications (including, in particular, the
uniform stress hypothesis which is overly simplistic), this ana-
lysis suggests that a design guideline for eIPMC compres-
sion sensors for optimization of the mechano-electrochemical
transduction should entail the fabrication of a metal-rich inter-
face, that maximizes the presence of metal rather than poly-
mer, and thus maximizes 1−ϕ≈ γ. This could be achieved,
for example, by introducing relatively small-sized polymer
features on one side the surface of the polymer membrane or
by synthesizing porous metal electrodes with deep, thin poly-
mer protrusions.

These modeling results will be examined in the context of
mechanical compression sensing experiments performed on
eIPMCs in what follows.

3. Experimental study of eIPMC compression
sensors with microscale features

3.1. Microscale feature fabrication for eIPMCs

Sample eIPMC sensors with microfeatures in the nominal
form of micrometer-scale dots were created by printing micro-
features on stock N117 Nafion Membrane (procured from Ion
Power, Inc.) from a FUJIFILM DMP-2850 Dimatix Materi-
als Inkjet Printer using a specially designed ink consisting of
5% weight D521 alcohol-based Nafion dispersion and pro-
pyl alcohol, see figure 5(a). The ink concentration of 1:19
(vol/vol) was optimized based on the required surface ten-
sion (28–42 g s−2) and viscosity (10–12 mPa · s) paramet-
ers of the 1 pL and 10 pL print cartridges, as per the equip-
ment manufacturer. Before printing, the Nafion substrate was
tightly secured to an acrylic plate using 3 M adhesive tape and
placed inside the printer chamber. The microfeature droplets
were then deposited using a custom print file that controlled
the droplet formation from the piezoelectric cartridge nozzles
by adjusting the nozzle voltage, jetting frequency, and wave-
form program. Multiple passes were employed to achieve the
desired height of the microfeatures in a layer-by-layer fashion.
Three different samples were successfully fabricated and will
be referenced in the following as Inkjet Samples A, C, and F.
Geometric properties of the pattern of the microfeatures prin-
ted on these samples are collected in table 1. Unfortunately, a
complete parametric design of experiments, in which the three
parameters were independently varied, was not possible due to
difficulty in the fabrication process.

Figure 5(b) shows a sample of the Nafion membrane with
printed micro-scale dots for the representative Sample A.

Figure 5. Sample A eIPMCs fabricated using inkjet printing
technology: (a) inkjet printing process; (b) Nafion membrane with
features printed onto the surface; (c) close-up view of the printed
Nafion dots with spacing between 87–92 µm and dot diameter
between 43–51 µm and height of approximately 2 µm; (d) AFM
image of printed dot showing approximate dimensions; and
(e) close-up view of plated surface of eIPMC. An upper bound for
the polymer volume fraction at the interface is ϕ< 0.2.

Table 1. Parameters of the geometric pattern of the microfeatures
on the inkjet samples. Dimensions are nominal in µm.

Sample Feature spacing Feature diameter Print layers

A 90 43–51 20
C 90 37 40
F 120 38–39 12

Close-up view of the dots is shown in figure 5(c), demonstrat-
ing generally consistent Nafion dots with spacing between 87
and 92 µm, dot diameter between 43–51 µm, and height of
approximately 2 µm. To ensure that the inkjet-printed micro-
features adhered to the Nafion substrate, a peel test was admin-
istered using standard 3 M Scotch tape. The tape was applied
and pressed onto the surface of a Nafion membrane with prin-
ted microfeatures. The tape was then peeled at a 90-degree
angle in line with standard peel test protocol. After removal,
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the membrane and tape were inspected under an optical micro-
scope and the inkjet-printed microfeatures appeared intact on
the membrane without any obvious residue transferred to the
adhesive membrane. Figure 5(d) shows an AFM image of a
printed dot, demonstrating accumulation of polymer material
on the boundaries of the dot, similar to coffee-ring effect often
observed in inkjet printing processes [35].

After completion and verification of the printing stage, mul-
tiple layers (up to 3) of platinum material are deposited on the
surface of the printed membrane to create electrodes through
the electroless plating process, using standard techniques
(electroless chemical reduction, ECR) for plating platinum
electrodes as described for example in [36]. The two-point res-
istance method was employed to check for sufficient conduct-
ivity of the electrode surface [24]. Importantly, a close-up view
of the plated surface is shown in figure 5(e), from which it can
be seen that the microfeatures are preserved after the electrod-
ing process.

The control (standard) IPMC compression sensors were
fabricated from commercially-available Nafion sheet stock
(Ion Power, Inc. membrane N117) using ECR for plating plat-
inum electrodes as described in [36]. The control IPMC and
eIPMC samples all underwent the same electroding process in
the same chemical batches. This approach was incorporated
to ensure that all samples were nominally exposed to the same
chemical process to help mitigate impacts of the low repeat-
ability nature of the ECR process. All fabricated IPMCs and
eIPMCs were later subject to the ion exchange process and
tested in their Li+ form.

3.2. Electrochemical testing

Electrochemical characterization was performed to better
understand the connection between the eIPMC microstruc-
ture and interfacial topography and the properties of the
material. The tests were performed on the plated eIPMC
samples to evaluate the effective impedance via potentio-
static impedance spectroscopy (EIS), double layer capacitance
via cyclic voltammetry (CV), and charge–discharge beha-
vior via chronoamperometry (CA) step response testing, see
[18, 27, 37].

Prior to testing, each sample was cut to 10× 10 mm2

dimensions and adhesive copper tape was firmly attached to
each eIPMC surface electrode. The test was performed under
both ‘dry’ and ‘wet’ conditions. The ‘dry’ tests were per-
formedwith the samples resting in air after immediate removal
fromDI water submersion. The ‘wet’ condition tests were per-
formed with the eIPMC fully submerged in DI water after
allowing 30 min of preliminary submersion to ensure com-
plete saturation of the polymer membrane. For each test, the
eIPMC surface with the printed microfeatures was connected
to the ground terminal of the potentiostat unit. The measure-
ment chain is very similar to the one used in [27], except for
the use of copper tape electrodes, instead of gold ones, which
also prevent compression to be applied to the sample. In all
electrochemical tests, a Gamry Interface 1000 potentiostat was
used.

Figure 6. Equivalent circuit model for fitting impedance
spectroscopy results [27].

For the chronoamperometry step response test, used to
measure sample charge and discharge behavior, the step input
voltage was set to 10 mV and the sampling period was 0.001 s.
For the electrochemical impedance spectroscopy (EIS) test,
used to measure the samples’ effective impedance, the excit-
ation AC voltage was set to 10 mV rms, that is well below
the thermal voltage, approximately 25mV. The range between
0.01 Hz and 1000 Hz was explored, with 20 points/decade. An
initial delay of 100 s was used to ensure electroneutrality of the
sensor. For each cyclic voltammetry (CV) test, used to meas-
ure the samples’ double layer capacitance [24], the minimum
and maximum voltage were set to 0.5 V and the scan rate was
set to 50 mV s−1.

For each EIS test, an equivalent circuit model was used to fit
the eIPMC impedance spectroscopy results, see figure 6. The
circuit consists of a resistor connected in series to a parallel
capacitor and Warburg impedance element connection [27].
Note that our chemoelectromechanical model does not fea-
ture electrochemical composite layers and thus cannot capture
the Warburg impedance effects which are however present in
IPMC electrochemistry [38]. Identification of the model para-
meters uses the built-in routines in the Gamry potentiostat
software.

Representative electrochemical testing results for the rep-
resentative eIPMC sample A and control sample in dry and
wet conditions are displayed in figure 7. A summary of col-
lected test data including the eIPMC capacitance, resistance,
Warburg impedance (as measured via EIS), double layer capa-
citance (as measured via CV), minimum and maximum peak
current, and discharge time (as measured via CA) for both
wet and dry testing conditions are synoptically presented in
table 2. For brevity, dry test results are reported only for
the control sample and inkjet sample A. Based on the res-
ults presented in figure 7 and table 2, it can be determined
from the EIS results, that capacitance values for the eIPMC
samples are much larger than those of the control, thus sup-
porting the hypothesis that microengineered interfaces have
the potential to improve IPMC sensing (and, possibly, actu-
ation) performance. Inkjet sample A showed increased capa-
citance of 55.63% and 132.67% in dry and wet conditions,
respectively. Surprisingly, the resistance of Sample A meas-
ured via EIS increases between the dry and the wet case. This
behavior is not consistent with what observed in the control
sample and is contrary to other findings in the literature, see
for example [39]. While we do not have a definite explanation
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Figure 7. Electrochemical testing results of control and inkjet printing samples in dry and wet test conditions. In the EIS panels, |Z| and ∠Z
indicate magnitude and phase of the impedance, respectively.

for this behavior, we believe that the anomalous result could be
attributed either to experimental error in the hydrating process
or, likely, to an imperfect fit of the EIS results to the idealized
circuit model.

The inkjet-printed samples also showed significant
improvements in terms of peak current, discharge time, and
double layer capacitance. Specifically, sample C and sample
F show the largest increase in double layer capacitance, as
determined from CV, against the control in wet conditions
and inkjet sample F exhibits the largest discharge time (as per
CA), Warburg impedance, and smallest resistance. Note that
sample C is patterned with 40 print layers which arguably
lead to taller microscale features, while sample F has shallow
and well-spaced features, which should promote larger metal
volume fraction at the interface. It is interesting to notice
that the through-the-thickness resistance of sample F is very
close to that of the control sample while sample A exhibits
high resistance. We can interpret this result by observing
that, according to previous studies including [9, 22, 28],

through-the-thickness resistance is related to the polymer
thickness and not influenced by polymer-metal interfacial
characteristics. As sample F has less deposited layers and
smaller and widely spaced polymer protrusions, all these
factors consistently contribute to comparatively smaller res-
istance than sample A.

3.3. Mechano-electrochemical transduction: open-circuit
voltage

The sensor characterization apparatus shown in figure 8(a)
is used to apply pressure to the faces of IPMC and eIPMC
sensors and to measure the open-circuit voltage response, as
schematically reported in figure 8(b). The apparatus consists
of a stepper motor that is controlled to actuate a plate to apply
pressure. A CALT DYLY-103 5KG load cell measures the
load for pressure control. The applied pressure is calculated
from the measured applied load and the surface area of the
sample.
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Table 2. Summary of electrochemical data of control sample and inkjet printing samples in dry and wet test conditions. Dry test conditions
are reported for control and sample A only. EIS, CV, and CA indicate electrochemical impedance spectroscopy, cyclic voltammetry, and
chronoamperometry techniques, respectively. Capacitance, resistance, and Warburg impedance from EIS measurements are indicated with
C, R, andW, respectively. Double layer capacitance identified with CV is indicated with Cdl and calculated according to
Cdl = (|j+|+ |j−|)/[2(dV/dt)], see [24], with j+ and j− the current densities at 0 V and (dV/dt) the scan rate.

EIS CV CA

C % change R W
Current density
(min)/(max) Cdl

Peak I
(+)/(−)

Discharge
time (+)/(−)

Sample (µF) (—) (Ω) (µS · s1/2) (µA cm2) (mF cm−2) (µA) (ms)

Control
(Dry)

3.48 — 51.07 147 −74.83/46.45 0.46 52.12/−49.35 7.39 / 6.34

Inkjet A
(Dry)

5.41 55.63 43.02 162 −72.3/74.69 0.49 65.88/−65.11 4.48/4.53

Control
(Wet)

3.62 — 37.97 223 −98.29/90.31 0.72 56.66/−57.55 5.67/6.16

Inkjet A
(Wet)

8.43 132.67 90.32 214 −92.26/100 0.66 61.67/−57.88 4.39 / 3.81

Inkjet C
(Wet)

9.26 155.41 112.5 270 −152.6/136.3 1.07 103.0/−104.0 4.23/4.40

Inkjet F
(Wet)

5.09 40.40 45.02 310 −168.5/154.6 1.17 117.9/−112.1 8.47/7.23

Figure 8. (a) Experimental setup for measuring open-circuit voltage of fabricated IPMC and eIPMC samples. (b) Experimental
configuration for measuring open-circuit voltage of test samples. (c) Representative time history of an open-circuit voltage sensing test on
inkjet sample A.

Prior to testing, each sample is fully hydrated in DI water.
The step load is applied to the eIPMC sensor and held until
decompression is initiated after 30 s. The total duration of each
test is 60 s and the open-circuit voltage and themechanical step
response are recorded for each sample. A representative time
history for an open-circuit voltage sensing test is presented in
figure 8(c). The data acquisition is performed by sending the
output of the load cell through an INA126 based instrumenta-
tion amplifier circuit to create an analog signal. This signal is

then read into a computer using an analog-to-digital card with
Simulink Real-Time.

The results for the measured normalized open-circuit
voltage VOC/(RT/F) plotted against the normalized applied
pressure p/Ep for the inkjet-printed eIPMC sensor and its con-
trol sample are shown in figure 9. All test results presented
here display only the steady-state response of the system. As in
the model above, the open-circuit voltage is normalized by the
thermal voltage Vth = RT/F≈ 25.4 mV at room temperature,
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Figure 9. Measured normalized open-circuit voltage plotted against the normalized applied pressure for inkjet printed eIPMC sensors and
control sample. The black and red dashed lines pass through average values for control and inkjet sample A, respectively, and are only
meant to guide the eye.

and the pressure is normalized by the polymer Young’s modu-
lus which is taken asEp = 150MPa, see for example [40]. This
choice is not crucial as it is only a normalization parameter in
this study.

As the results show in figure 9, enhancement in sensing
open-circuit voltage can be observed between the control and
eIPMC sensor from inkjet sample A. Results show that for
eIPMC sensor the open-circuit voltage generally increases
with increased pressure. Scatter in the data does not show a
strong linear trend as it would be expected from the predic-
tions of the proposed model and equation (13). Large scatter
in the data is observed for inkjet samples C and F, and no con-
clusion can be drawn on the behavior of these samples. For
Sample C, a sharp drop in the response appears at a normal-
ized pressure of approximately 0.25× 10−3. This may pos-
sibly indicate early damage in the relatively tall microfeatures
of this particular sample due to severe stress concentration. For
Sample F, the erratic response may be due to insufficient pres-
ence of microfeatures which, as compared to Sample A, are
shorter and less densely packed.

As compared to inkjet sample A, the voltage output of the
standard IPMC sensor is significantly smaller for any value
of the applied pressure. Results do not display a clear trend
and the response is inconclusive. We emphasize again that,
in order to minimize as much as possible the impact of the
electrode fabrication on the performance of control IPMC and

microscale inkjet printed eIPMC, the control and the eIPMC
sample are simultaneously fabricated from a single Nafion
membrane, which is only patterned in part as in figure 5(b),
and is later cut to separate the control and the eIPMC sample
after the electroding process. Given the particular shape of
the polymer protrusions resulting from the inkjet printing pro-
cess (see figure 5(d)), the actual deformation process upon
application of the pressure may differ significantly from the
minimal model of our finite element analysis. Nevertheless,
the response of the inkjet printed eIPMC sample A is con-
sistently higher than the control experiments, on the order of
+50%–150%.

Experiments were conducted until p/Ep ≈ 10−3, or p≈
150 kPa, but all the samples suffered damage during the
compression and displayed erratic voltage response beha-
vior. Thus, data beyond p/Ep ≈ 0.35× 10−3, at which point
onset of damage is observed, are not reported. In figure 9
we also do not report compression data that, from the exper-
imentally recorded voltage versus force time history, failed
to yield an appreciable change in the voltage time history.
We also comment that erratic behavior and these outliers
may be dependent on the challenging experimental com-
pression conditions. In particular, these may be caused by
false contacts, damage to the microscale features or elec-
trode, or otherwise changing mechanical or electrical contact
conditions.
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4. Fabrication, characterization, and compression
experiments for eIPMC sensors with sub-mm
features

4.1. Fused deposition modeling (FDM) 3D printed eIPMCs

Fused deposition modeling (FDM) 3D-printed eIPMC
samples were created using the technique developed origin-
ally in [24], where a LulzBotTAZ6 3D printer was modified to
print the custom-made Nafion precursor filament. Figure 10(a)
shows the 3D printer, and figure 10(b) shows an illustration
of the basic structure of 3D-printed eIPMC sensors with 3D-
printed polymer membrane sandwiched between two plat-
inum metal electrodes. The 3D-printing process to create
the eIPMC samples first starts with creating a solid computer
model with desired features. Next, the solidmodel is sent to the
3D printer to print the desired shape of the eIPMC sensor using
ionomeric precursor filament material, layer by layer. After-
wards, the manufactured precursor structure is chemically
‘activated’ [24]. This process involves hydrolyzing the pre-
cursor filament in an aqueous solution of potassium hydroxide
(KOH) and dimethyl sulfoxide (DMSO, C2H6OS). After-
wards, the eIPMC Nafion membrane was plated with plat-
inum metal electrodes using the sample process described for
the control and inkjet-printed samples. Two eIPMC samples
each with different surface textures were created as shown
in figure 10(c). Interestingly, the ridges fabricated on the
Nafion surface bear resemblance to the two dimensional pat-
tern examined in the proposed minimal mechanical model.

Control (standard) IPMC sensors for this study are fab-
ricated from commercially-available Nafion sheet stock as
described above. The control sensors have smooth surfaces,
and one is shown in figure 10(c) with thickness of approx-
imately 200 µm, which is approximately 40% of the thick-
ness of the 3D printed eIPMCs. This difference is not expected
to affect the comparison of the open-circuit voltage response.
Importantly, note that the control sample in figure 10 is dif-
ferent than the control sample in figure 9 and are fabricated in
different batches, thus arguably will exhibit different proper-
ties due to sensitivity to fabrication conditions.

Open-circuit voltage sensing experiments were conduc-
ted as described above and results for 3D-printed sub-mm
eIPMC are shown in figure 11. Similar to what observed for
inkjet printed eIPMC samples, the enhancement in sensing
voltage is readily apparent between the control and eIPMC
sensors and, in this case, even more dramatic. The FDM 3D-
printed eIPMC sensors results show an approximately linear
trend between increasing pressure and increasing open-circuit
voltage, consistently with the proposed model. Through lin-
ear fitting, the open-circuit voltage versus pressure slope for
the 3D-printed eIPMC samples 1 and 2 is approximately 107
and 122, respectively, when the intercept is fixed at 0. Sim-
ilar to what noted in the discussion of inkjet printed sensors,
the voltage output of the control IPMC does not show a clear
trend and is significantly smaller for any value of the applied
pressure.

A few comments are in order to interpret these results in
terms of the modeling contributions of this paper. The pres-
ence of macro scale ridges such as the ones in figure 10 is
expected to significantly modify the strain field that would
develop in a conventional IPMC and create inhomogeneous
strain through the thickness, as for example shown in figure 2.
However, it should be noted that, differently from the rep-
resentative case studied above via finite element analysis, the
dimension d̃ of the ridges is very large with respect to the poly-
mer semithickness, that is, d̃≈ 0.6 for the 3D-printed eIPMC
sample 1 and d̃≈ 0.2 for the 3D-printed eIPMC sample 2.
As such, two important differences arise from our simplified
minimal mechanical and chemoelectromechanical model: (1)
the dilatation field may be significantly affected in a region
sufficiently far from the engineered electrode and (2) import-
ant chemoelectromechanical phenomena can actually occur
within the polymer protrusion regions of the engineered elec-
trode. These changes would call for at least a 2D fully coupled
chemoelectromechanical analysis of the system which is sig-
nificantly more complicated than our approach which aims
at distilling the fundamental aspects of the problem. Further-
more, additional and possibly important effects that we have
neglected (e.g. steric effects, composite layers, electrode sur-
face roughness, chemoelectromechanical nonlinearities, non-
rigid electrodes) may play a role in the response. Even though
we do not hope to capture the correct value of γ from our
minimal model, it is remarkable that an approximately linear
behavior is observed, consistent with what has been predicted.
At the first order, sample 2 (red curve) has relatively smaller
polymer features and, arguably, a larger metal volume fraction
at the interface region, than sample 2. Based on this observa-
tion, we would indeed expect that the slope for the linear fit of
sample 2 should be larger than that of sample 1, consistently
with our modeling efforts.

It is more difficult to capture the behavior of the absolute
values of the voltage output for samples 1 and 2, especially
when comparing between the low (<0.7× 10−4) and high
(>0.7× 10−4) normalized pressure regions. This is presum-
ably correlated to the detailed geometrical aspects of the inter-
face. Therefore, especially in the absence of a more detailed
mechanical model, we base our discussion on qualitative argu-
ments. We predict that the more asymmetry is produced in the
dilation at the electrodes, the higher the voltage response will
be for a given pressure. The qualitative difference between the
response of sample 1 and 2 could be explained by noticing
that the sub-mm ridges in sample 2 have shorter spatial period-
icity and smaller amplitude than those in sample 1. For a small
applied pressure, especially given the fact that the eIPMC
samples are compressed between parallel plates, sample 2
would contract in an almost homogeneous fashion, not too dis-
similar from the control sample. Larger wavelength and larger
amplitudes of the ridge would instead cause significant asym-
metry in the sample 1. Vice versa, for large values of the pres-
sure, the polymer deformation could possibly better follow
the shape of the (non-rigid) electrode and yield an enhanced
voltage output. The existence of a possibly critical pressure,
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Figure 10. Sample eIPMCs fabricated using FDM 3D-printing process: (a) custom-designed IPMC 3D printer; (b) basic structure of
3D-printed eIPMC sensor with 3D-printed polymer membrane sandwiched between two platinum metal electrodes; and (c) control and two
sub-mm eIPMC samples, along with dimensions of features created for testing. The sizes of the samples were approximately 9.5 mm ×
31 mm.

for the geometry under study, is evidenced by the jump around
p̂= 0.8× 10−4. Finally, the response of the control sample
should be identically null, according to equation (13). How-
ever, small, uncontrollable differences between the electrode
morphology cause mechanical asymmetry and a non-zero,
albeit erratic, response.

4.2. Stencil printed eIPMCs

A second alternative sub-mm manufacturing approach is
investigated to create printed eIPMC microfeatures on a pre-
existing Nafion membrane, but with dramatically reduced
manufacturing cost and processing time as compared to the
inkjet printing studies. This approach is inspired by previ-
ous research involving the spray printing of Nafion disper-
sion to create custom IPMC membranes [25]. An immediate

advantage of this approach is that higher concentration Nafion
dispersions can be used during processing with inexpensive
stencils, as compared to the manufacturer prescriptions for
inkjet printer ink.

Therefore, a concentrated 20%weight Nafion dispersion, in
its pure form, consisting of 20% weight D521 alcohol-based
Nafion dispersion and propyl alcohol was used. The ink con-
centration of 1:4 (vol/vol) was optimized based on the required
surface tension (28–42 g s−2) and viscosity (10–12 mPa · s)
and used to increase the amount of Nafion material deposited
on the surface of the membrane per individual droplet.

The first step in the stencil printing process was tomanufac-
ture usable stencils to fabricate each eIPMC microfeature pat-
tern. To do so, a 50WHelix Laser Cutter was used to cut sten-
cils from a Kapton adhesive backed sheet using a designated
CAD file that specified the geometric pattern of each stencil.
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Figure 11. Measured normalized open-circuit voltage versus normalized applied pressure for FDM 3D-printed eIPMC sensors and control
samples. Dashed lines pass through average values of the available measurements (markers).

Raster cutting conditions were implemented with 600 dpi cut
settings. The same laser power and speed settings of 50% and
35% are used for each stencil to ensure the generation of con-
sistent feature diameters. In each stencil, the spacing between
microfeatures was varied to produce three stencils for testing.
The stencils, designated as S1, S2, and S3, have same feature
diameter of 0.05 mm and feature interspacing dimensions of
0.6 mm, 0.7 mm, and 0.8 mm, respectively. Each pattern con-
sisted of the same 10× 10mm2 outer pattern dimensions as
the inkjet-printed samples to make the same final size eIPMC
sensors. It should be noted that the actual cut feature diamet-
ers were larger than the specified dimensions in the CAD files
due to the limitations of the laser cutter and beam width, lead-
ing to effective feature diameter of 0.3 mm. After the stencils
were cut, they were repeatedly washed in ultrasonic baths with
ethanol to remove the char debris from the inner edges of the
stencil features.

The stencil-printed eIPMC samples were then fabricated
by creating Nafion microfeatures on the surface of the same
Nafion 117membranes used for the previous experiments. The
size membranes are similar to those for the inkjet printing
samples. To do so, the Nafion membranes were placed on a
clean glass slide with the Kapton stencil securely fastened to
the top of the membrane. Each edge of the stencil was covered
with 3M adhesive tape to ensure that the deposited Nafion dis-
persion only contacted the membrane in the open areas of the
stencil features.

The 20% weight pure Nafion dispersion was deposited on
the surface of the membrane and stencil using a manual drop
syringe. One drop was generously applied and the fluid was

then manually dispersed over the entire surface of the stencil
using a razor blade to ensure an even coating. A double coat-
ing of dispersion deposition was applied for each sample with
15 s of drying time in between each application. The excess
dispersion was removed from the top layer of the stencil after
each deposition to ensure that the features consistently dried
to the height of the Kapton tape, which has a reported thick-
ness 50.2µm. The stencil was then immediately peeled from
the Nafion membrane at a 45 degree angle to ensure that the
features did not adhere to the stencil upon removal. Represent-
ative stencils, printed membranes, and eIPMC samples fabric-
ated with this process are shown in figure 12.

Results of the open-circuit voltage sensing compression
tests for the stencil-printed eIPMC samples are shown in
figure 13. Sample S1 and S2 showed a marked increase
in normalized voltage output. All samples S1, S2, and S3
showed increased output response as the normalized pressure
increased. Specifically, for the largest applied pressure repor-
ted, the normalized voltage output increased of 50%, 43.5%,
and 20.7% in comparison to the control, respectively. In addi-
tion, it is interesting to note that the control sample does not
show a monotonic increasing trend in the response. These res-
ults suggest that the sample with the largest number of printed
features (leading to more pronounced asymmetry between the
two electrode regions) shows the largest amount of sensing
improvement.

However, in comparison to the inkjet-printed sample, the
stencil-printed eIPMCs showed slightly weaker output. This
is mainly attributed to the fact that there are significantly
fewer microfeatures on the interfaces of the stencil printed
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Figure 12. (a) OM image of S3 sample stencil at 4× magnification (b) OM image of S3 sample stencil at 20× magnification (c) example of
a fresh stencil-printed eIPMC membrane with visible microfeature deposition (d) OM images of Sample S3 at 4× magnification before
plating with minimal signs of char debris inclusions in the stencil-printed features (e) OM images of Sample S3 at 4× magnification after
plating with indications of good surface and feature integrity.

samples. The difference can also be explained by the ascribed
asymmetry caused by uncontrollable electrode morphology
obtained from the different electroding batches. This fact fur-
ther corroborates the huge variability in IPMC behavior that is
dependent on the uncontrollable fabrication conditions present
in the ECR process.

We conclude this discussion by observing that we believe
that the new stencil printing method can be of great tutorial

value, as it can be easily adopted by IPMC researchers to fab-
ricate and start experimenting with eIPMCs without having to
employ highly specialized equipment.

5. Remarks

The results on open-circuit voltage response for compression
sensing in eIPMCs are the first of their kind and show the
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Figure 13. Normalized open-circuit voltage output of the stencil-printed eIPMC S1, S2, and S3 samples compared to the standard IPMC
control. Dashed lines pass through average values of the available measurements (markers).

potential for enhanced sensing capabilities through engineered
interfaces. Remarkably, the proposed minimal model captures
the essence of the structure-property relationships to demon-
strate enhanced strain sensing performance.

We would like to remark that, as this is the first study on
eIPMCs, we do not have a ‘commercial-grade’ sensor yet. A
full optimization and characterization of the sensor is outside
the scope of the current paper whose goal is to explore the
mechanisms of compression sensing in eIPMCs. We note that
the maximum allowable pressure and detection rangemay also
depend on the particular kind of eIPMC, microscale or sub-
mm scale featured sensor. In addition, the issue of repeatabil-
ity and life of the sensor under cyclic loading is still to be fully
addressed. As remarked, a more robust implementation of our
sensors is needed, along with an optimized fabrication process
and microstructural feature distribution. This is the object of
current studies in preparation, including with the use of differ-
ent advanced manufacturing technologies.

One last comment should be briefly directed to the compar-
ison of the control response in figures 9, 11, and 13, in which,
the result of FDM 3D printing is almost an order of magnitude
larger than other methods. The only evident explanation for
this behavior can be once again ascribed to asymmetry caused
by uncontrollable electrode surface roughness. Note here that
the Nafion membrane in the control sample of figure 11 was
not sandblasted before plating [18] to preserve the inkjet prin-
ted microfeatures. This is yet another datapoint corroborating
the huge variability in IPMCbehavior dependent on uncontrol-
lable fabrication conditions. We believe that 3D-printing and
advanced manufacturing techniques of ionomer membranes

with engineered properties will alleviate this problem in the
future.

6. Conclusions

In this paper, we presented the design of tailored 3D-structured
(engineered) polymer-metal interfaces to create enhanced
eIPMC sensors with superior performance. Differently than
traditional IPMC sensors in bending modes, these sensors
are designed for operation in compression mode. A physics-
based minimal chemoelectromechanical model is developed
to predict the performance of the eIPMC sensor. The model
incorporates structure microfeature effects, including micro-
scale feature thickness, size, and spacing, that are translated
into inhomogeneous volume change, or dilatation, in response
to applied mechanical pressure. The dilatation is thus used
as input in an analytically tractable chemoelectromechanical
model that captures the essential physics of the problem and
provides insight into the behavior of the sensor under open-
and short-circuit conditions.

Three novel experimental approaches were described to
create functional samples of eIPMC sensors using inkjet print-
ing for microscale features, and fused deposition manufac-
turing and stencil printing techniques for sub-mm features.
Experimental results were presented to show enhancement in
electrochemical properties and in compression sensing capab-
ilities compared to traditional sensors fabricated from sheet-
form IPMC material and the effectiveness of the minimal
model to interpret and explain the observed sensor behavior.
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Future work will be devoted to advancing the manufac-
turing and modeling techniques proposed in this work and
towards the integration of eIPMC sensor in mechatronics and
cyber-physical systems.
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