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Abstract

The continuous deformation properties of soft actuators have created a need for the application
of equally compliant sensors. In this work, the use of an IPMC material as a sensor is studied for
curvature feedback in a soft pneu-net actuator. For improving the sensor response, electrolytes with
propylene carbonate and Li+ counter-ions in different concentrations were tested in IPMC samples. It
was found that a solute concentration of 15 g/l allowed for the highest amplitude in the response signal
from all the tested concentrations. A sample with this electrolyte was used for estimating a linear
dynamic model, describing its electrical response to imposed curvature. A sensor encapsulation method
using silicone was developed, allowing for its direct integration in the pneu-net actuator structure.
The final instrumented actuator was tested and its sensor feedback validated, demonstrating the
feasibility of the developed approach. It was found that certain characteristics of the sensor hampered
its application in conditions where either long duration static bending or very slow movements were to
be measured. Nevertheless, for use cases where cyclic or transient bending is to be detected, this type
of sensor presented a viable option for application in soft robots.
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1. Introduction

A type of mechanism that has proven particularly
suitable soft robotics applications is pneumatic ac-
tuation, providing continuous deformations without
requiring rigid components in the actuated zones.
Due to the complex shapes attained by soft robotic
structures and its continuous nature, traditional
sensors used for stiff mechanisms cannot be used
for position feedback. As such, equally soft sensors
capable of deforming along with the robot and mea-
suring local curvature would be desirable, to allow
for feedback control strategies to be implemented.

With this in mind, the application of electro-
active ionic polymer-metal composites (IPMC) was
explored, using them as adaptive curvature sen-
sors directly embedded in a soft actuator. Includ-
ing them inside the silicone structure of a pneu-
net device also provides an integrated encapsula-
tion, which has been suggested for improving the
longevity and performance of these materials.

Pneumatic actuation is one of the most used
methods for producing motion in soft robots. Soft
pneumatic structures have been used as grippers
[4], robotic manipulators [8] and even standalone
mobile robots [12].

Recently, a new generation of pneumatic actu-
ators has received increased attention in research.

Known as Soft Pneumatic Actuators (SPA), these
are made of soft and stretchable materials such
as silicone-rubber, and may also combine stiffer or
nearly inextensible materials to help achieve the de-
sired motion profile.

Bending actuators made almost entirely of sili-
cone, using a series of connected air chambers on
top of a nearly-inextensible material layer were de-
veloped by [4]. These are commonly called pneu-net
(Pneumatic Network) actuators, and have the ad-
vantage of being highly customizable and easy to
manufacture, besides its inherent compliance prop-
erties.

Ionic polymer metal composites (IPMC) are a
specific type of electroactive materials, which has
been recently studied for use in ”artificial muscles”
and initially applied in biomimetic flexible robots.

These composites consist of a fine polymeric
membrane, coated with a noble metal (usually Ag
or Pt) on both sides. The membrane is made of
an ionomer, a polymer containing a fraction of ion-
ized repeat units covalently bonded to its backbone
structure. This characteristic allows for selective
ion permeability.

IPMC materials are capable of producing large
bending deformations, when an electric field is ap-
plied between the electrodes. Conversely, when a
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mechanical deformation is induced in the polymer,
a differential voltage will be generated at both sides
of the material. Although the underlying mecha-
nism is different, these properties show similarities
with those of piezoelectric materials.

In order to improve its electromechanical re-
sponse, IPMC devices are usually immersed in a
suitable electrolyte, comprising a polar solvent and
a salt. The most commonly used counter-ion is
Na+, but electrolytes with Li+, TEA+ (tetraethy-
lammonium) and Cs+ have also been tested [10, 7].
It has been shown that the behavior of IPMCs
changes depending on the counter-ions used. Elec-
trolytes with Li+ have been shown to increase the
actuator performance when compared to Na+, al-
lowing for larger bending deflections [10].

Physical models have been developed for explain-
ing the behavior of IPMC materials, by Shahinpoor
[9], Tadokoro [11] and Nemat-Nasser [6]. These are
based on microscopical phenomena, its practical ap-
plication in engineering problems is limited. Based
on these, a model by Branco and Dente [2] was de-
rived on a macroscopic level, using continuum elec-
tromechanical concepts.

In the present work, it was chosen to perform
the identification of an empirical model based on
experimental results, since it allowed a better ap-
proximation of the IPMC response in sensor mode.

2. Pneu-net Actuator Modeling
2.1. Material Models

In order to perform a finite element analysis of a
pneu-net actuator, suitable models should be cho-
sen for describing the properties of its materials.

The chosen material for building the actuator
body was Ecoflex R© 00-30 , a very soft silicone pro-
duced by Smooth-On, Inc., which can be cured at
normal temperatures and is reported to withstand
strains in excess of 600% before failure [3]. For
large deformations, such as those that are present
in the actuator when its chambers are pressurized,
the stress-strain relationship for this kind of mate-
rial is not accurately described by a simple linear
function such as Hooke’s Law. Therefore, a hypere-
lastic model is used, describing a nonlinear behavior
in the elastic regime.

A 3rd-order Ogden model was selected, using the
parameters identified by Agarwal et al. [1] for the
Ecoflex R© 00-30 material. The strain energy density
function for this type of model is given by

W (λ1, λ2, λ3) =

N∑
p=1

µp
αp

(λ
αp

1 + λ
αp

2 + λ
αp

3 ) (1)

where λ1, λ2 and λ3 are the principal stretches, N
is the model order and µp and αp are coefficients

that depend on the material. The parameters used
are shown in table 1.

Table 1: Ogden model parameters for Ecoflex R© 00-
30, from [1]

Parameter Value
N 3
α1 -3.848
α2 0.663
α3 4.225
µ1 0.001887
µ2 0.02225
µ3 0.003574
D1 2.93
D2 0
D3 0

2.2. Actuator Geometry and Mesh

The benchmark actuator geometry was based on
a previously developed design, inspired by [4]. It
has the approximate size of a human finger, which
can be easily integrated in a soft gripper for robotic
applications.

The solid-body geometry of the actuator was cov-
ered by a three-dimensional structured mesh, gener-
ated using Abaqus CAE. For that purpose, 10-node
tetrahedral elements were used, with quadratic in-
terpolation. The inextensible layer was repre-
sented by a 2D mesh, with triangular, membrane-
type elements. These had also quadratic interpo-
lation. A hybrid formulation was chosen for the
three-dimensional elements to allow for the nearly-
incompressible behavior of silicone to be simulated,
thereby reducing the effects of volumetric locking.
Due to the symmetric properties of the actuator
body, only half of the geometry was modeled for
the finite element analysis.

Several load cases were tested in the real proto-
type and the same conditions were then applied to
the simulation. In the first load case, only gravity
was applied to the body. For the next load cases,
the pressure was gradually increased, in conformity
with the values tested in the real prototype.

To account for the effects of the IPMC sensor
in the sensing pneu-net actuator, a new mesh with
shell-type elements was introduced over the existing
membrane mesh in the inextensible layer, represent-
ing the sensor geometry.

3. Experimental Procedure and Prototypes

3.1. Frequency and Step Response Tests

Harmonic oscillation tests were performed with
various IPMC samples using different electrolyte
concentrations. A specially-designed crank-based
mechanism, controlled to oscillate at the re-
quired frequencies, imposed an approximately sinu-
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soidal displacement to the center of the silicone-
encapsulated IPMC sensor (figure 1-a). The elec-
trical signal obtained from the IPMC was amplified
with a gain Kamp = 1156 and acquired by a com-
puter with a NI-USB 6008 DAQ acquisition device.

Silicone-encapsulated IPMC samples were tested
in five different configurations: electrolytes with so-
lute concentrations of 5, 15, 25 and 35 g/l, and no
electrolyte.

So as to complete the information acquired with
the frequency response tests, additional step re-
sponse experiments were devised. The step test-
ing equipment was composed of the same signal
conditioning and acquisition devices used in the
frequency-response tests, but instead of the oscil-
lating crank mechanism, a solenoid was used to
rapidly induce a deformation in the encapsulated
IPMC sensor (figure 1-b). The voltage between the
two electrodes of the IPMC was measured, while a
quick mechanical displacement was imposed, effec-
tively bending the sensor to a predetermined cur-
vature.

Experiments used for model identification were
performed with a shunt resistor of 2700 Ω, con-
nected to the electrodes of the IPMC.

(a) (b)

Figure 1: Oscillation (a) and step (b) test benches.

3.2. Benchmark Actuator

Pneu-net actuators manufactured using the stan-
dard method, described in [4] may easily present
unwanted deformations during use, due to cham-
ber wall thickness irregularities. To solve this prob-
lem, a modified manufacturing method was used,
which allowed for better dimensional control, at
the expense of introducing an additional mold-
preparation step and requiring slightly more com-
plex mold parts.

The modified main body mold, shown in figure
2, has been designed to be in a horizontal position
while the silicone is poured, to allow it to cover all
the chamber negatives without trapping air bub-
bles. When in vertical position, a cap can be re-

moved to expose the free surface of the silicone in
the upper part of the mold and allow any additional
air bubbles to be released. By letting the silicone
cure with the mold in a vertical position, the free
surface of the liquid will be on a non-critical face
of the main body. By moving the least-controlled
geometry to a non-crucial zone of the actuator, this
method allows its most sensitive dimensions to be
kept within tighter tolerances during the curing pro-
cess.

(a) (b)

Figure 2: Main body mold parts, in open (a) and
closed configuration (b).

The base layer mold (figure 3-a) was composed
of two parts that are attached to each other during
the curing process. The nearly-inextensible fabric
is inserted between the two parts, so that it remains
stretched when these are joined. After joining the
base layer with the main body and air tube, a plas-
tic encasement was attached for support (figure 3-
b).

(a) (b)

Figure 3: Base layer mold, closed with textile fabric
(a) and finished benchmark prototype with encase-
ment (b).

3.3. Sensing Prototype Characteristics
It was found that an adequate region for sensor
placement would be on the neutral surface of the
bending body. That way, only the flexural rigidity
of the sensor would affect the mechanical behavior
of the actuator. In practice, the sensor was placed
directly below the inextensible layer, with an offset
of approximately 0.5 mm. This allowed for a thin
layer of silicone to separate both parts.
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A sensing module was devised, comprised of
a silicone-encapsulated IPMC strip with electrical
contacts, taking the shape of the lower part of the
actuator. This module would be added to the main
actuator body during the manufacturing process.

The sensing actuator geometry was the same used
for benchmark.

3.4. Sensing Prototype Manufacturing

For manufacturing the sensing module, a special
mold was created, which made use of cylindrical
protrusions to compress the IPMC between flexible
copper contacts as the silicone cured. The mold,
shown in figure 4, was composed of two parts, which
were pressed together during the curing process, us-
ing rubber bands. After curing, the excess material
was removed (figure 5).

Figure 4: Sensing module mold.

(a)

(b)

Figure 5: Sensing module, after curing (a) and after
removing excess material (b).

After the sensing module was fabricated, it was
included in the base layer of the actuator, by cast-
ing silicone into a new mold, where the module had
been previously fitted. The base layer and main
body were then joined, and the exposed contacts
(figure 6) were used for testing the electrical con-
nection to the IPMC surface electrodes.

Figure 6: Sensing actuator after joining the base
and chamber body parts.

To finish the actuator, a thin copper wire was
soldered to each pair of contacts, connecting those
on the same side of the IPMC. The final prototype,
with two connectors for acquiring the electrical sig-
nal coming from the sensor, can be seen in figure
7.

Figure 7: Finished sensing actuator.

3.5. Feedback Testing Procedure

In order to validate the performance of the IPMC
sensor in the Sensing Actuator prototype, tests were
performed by inflating and deflating the actuator on
the test bench, while acquiring the voltage signal
coming from the sensor. The actuator was placed
in a test bench with a millimeter scale, and a cam-
era was used to record a video of the actuation.
The curvature of the actuator length covered by the
IPMC was evaluated on several frames correspond-
ing to critical points during the inflation-deflation
cycle.

The video was captured at 30 fps, while the volt-
age signal was acquired at 500 Hz. Therefore, the
delay between the directly measured curvature and
the sensor values should be lower than 34 ms.
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The actuation cycle was composed of 1.5 seconds
of inflation, 10 seconds idle at an inflated state,
valve opening for a quick deflation and 10 seconds
idle at a deflated state.

4. Results

4.1. Electrolyte Comparison

Oscillation experiments performed with the encap-
sulated IPMC samples allowed for a comparison be-
tween the electrical responses with the various elec-
trolyte concentrations used.

For the electrolyte concentrations of 15 g/l, 25
g/l and 35 g/l, a second-order polynomial curve was
fitted to the valid oscillation test results obtained.
These are represented in figures 8 to 11.
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Figure 8: Measured frequency response of an IPMC
sensor with 5 g/l electrolyte.
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Figure 9: Measured frequency response of an IPMC
sensor with 15 g/l electrolyte.
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Figure 10: Measured frequency response of an
IPMC sensor with 25 g/l electrolyte.
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Figure 11: Measured frequency response of an
IPMC sensor with 35 g/l electrolyte.

For comparison, results from the oscillation tests
performed without electrolyte are represented in fig-
ure 12.
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Figure 12: Measured frequency response of an
IPMC sensor with 35 g/l electrolyte.

Using the values of the fitted functions at six dif-
ferent frequencies, the results can be represented in
an amplitude vs concentration configuration, shown
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in figure 13, which is useful for comparing the per-
formance of the electrolytes. A quadratic curve was
also fitted to the data points for the highest fre-
quency.
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Figure 13: Amplitude of the IPMC frequency re-
sponse versus electrolyte concentration.

From figure 13, it can be observed that the am-
plitude of the IPMC response was highest with the
15 g/l electrolyte. Also, the values for 25 g/l and 35
g/l suggest a descending trend with the increase in
concentration. This could be explained by a satu-
ration phenomenon similar to the one documented
in [5], where IPMC samples were being used as en-
ergy harvesting devices. The results with the dry
sample show a higher output amplitude than those
with the two highest concentrations of lithium.

4.2. Modeling Results

The frequency spectrum tested was not large
enough to capture relevant changes in the ampli-
tude slope and phase shift. To capture additional
information about the system dynamics, mechani-
cal step response tests were performed with the 15
g/l encapsulated IPMC sample, with a 2.7 kΩ shunt
resistor connected to the electrodes.

Results obtained from six step response tests were
averaged, normalized by the IPMC curvature and
filtered with a non-causal finite impulse response
(FIR) low-pass filter. A range of data comprised of
20 seconds from the beginning of the actuation was
used for model estimation.

The fitted model (equation 2) achieved a normal-
ized mean-squared error of 79.22 % to the experi-
mental data. A comparison between a step response
of the model and the data is shown in figure 14.

H(s) =
s+ 0.1799

24.87s+ 0.8596
(2)
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Figure 14: Linear simulation of the fitted model
with a unit step input, compared to the fitting data.

In figure 14, a noticeable deviation between the
model and the real data in the initial time steps can
be observed. This was considered acceptable for
the intended sensor application, since the inflation
of the instrumented pneu-net prototype is done at
relatively low speeds.

To be able to estimate the curvature from the
voltage signal given by the sensor, the inverse of the
transfer function shown in equation 2, J(s)=H(s)-1

was used, taking advantage of its special properties.

Validation data corresponding to a step test was
used as an input for J(s) in a linear simulation per-
formed in MATLAB R©, giving the response repre-
sented in figure 15.
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Figure 15: Linear simulation of the inverse model,
using a normalized sensor response to a step test.
A unit step is represented for comparison.

4.3. Benchmark Actuator Model Validation

The tip displacement of the benchmark actuator
was measured in various loading cases, using a test
bench. The measured pressure values, presented in
table 2 were also applied to the finite element model
and the homologous displacements were compared
to those of the prototype.

Three examples of loading tests and their respec-
tive simulation results are depicted in figures 16, 17
and 18, at zero relative pressure, 25,5 kPa and 29,9
kPa, respectively.
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Table 2: Finite element analysis pressure loads.
Test Pressure Load [kPa]

1 0
2 21.5
3 25.5
4 28.5
5 29
6 29.9

(a) (b)

Figure 16: Finite element analysis (a) versus bench-
mark prototype (b) - gravity load, no pressure ap-
plied.

(a) (b)

Figure 17: Finite element analysis (a) versus bench-
mark prototype (b) - gravity load, applied pressure
of 25.5 kPa.

(a) (b)

Figure 18: Finite element analysis (a) versus bench-
mark prototype (b) - gravity load, applied pressure
of 29.9 kPa.

After introducing the IPMC as a superimposed
shell mesh with the strip dimensions in the inex-
tensible layer, analyses with the same load condi-
tions as the benchmark model were performed, as
described in table 2. The IPMC sensor was placed
in a region identified as having a regular curvature

both in the simulation and the benchmark proto-
type.

As can be seen in figure 19, the presence of the
sensor in the finite element produced a negligible
difference in displacement magnitude for the same
applied pressure.
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Figure 19: Tip displacement under applied pres-
sure: instrumented actuator model compared to the
benchmark model.

4.4. Feedback Testing

Following the application of two inflation/deflation
cycles on the instrumented pneu-net, the inverse
model response to the sensor output was compared
to curvature values, calculated from displacement
measurements (figure 20).

Figure 20: Instrumented pneu-net prototype during
feedback testing. The red light at the left of the
actuator was used for signal synchronization.

The simulated output of the inverse model J(s)
was recalibrated, by subtracting an offset of 0.00133
and multiplying it by a recalibration factor of 2.02.
After recalibration, the curvature estimated from
the sensor readings closely followed the directly
measured values, as shown in figure 21.
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Large negative spikes were observed in the volt-
age and the resulting curvature signal, during
the beginning of each inflation. This behavior
had not been detected during the oscillation and
step tests, previously performed with encapsulated
IPMC samples. As such, it is expected to have been
caused by the specific deformation characteristics of
the pneu-net structure during inflation, as well as
possible electrical contact issues.

As predicted by the finite element model, the in-
flation of the air chambers caused the cross-section
of the actuator to circularize, slightly bending the
IPMC in a transversal direction. The resulting
transversal curvature had an opposite sign to that
imposed along its length during actuation. Since
axial bending was still very small in the beginning
of the inflation, the transversal curvature could have
caused the voltage signal to drop.

5. Conclusions
A novel encapsulation method was successfully im-
plemented in various IPMC strips and used in con-
tinuous bending conditions over extended periods,
without any noticeable performance reductions over
time.

An electrolyte with 15 g/l of lithium salt con-
centration produced the highest amplitude in the
sensor output from all of the tested concentrations,
clearly improving the IPMC performance over a
configuration without electrolyte. Also, results with
this electrolyte presented considerably less variation
than with the other concentrations. Contrary to
what was initially expected, electrolyte concentra-
tions of 5 g/l, 25 g/l and 35 g/l did not improve
the performance of the IPMC sensor, and added
reliability problems.

A soft pneu-net actuator was modeled using FEA
with and without the IPMC and a very small differ-
ence was found between the deformation of both ac-
tuators in response to applied pressure. Neverthe-
less, significant differences were detected between

the models and the real prototypes, especially for
large displacements. This suggests a more detailed
model may be needed.

Although some problems were still detected in
manufacturing, solutions developed for improving
the manufacturing tolerances of pneu-net actuators
proved successful - a more uniform chamber wall
thickness and more precise textile layer positioning
were achieved, when compared to the original man-
ufacturing methods.

Finally, an initial attempt at measuring the cur-
vature of a pneu-net actuator through an inte-
grated IPMC sensor, in conjunction with the afore-
mentioned model, proved successful. However, the
band-pass behavior of the IPMC made it difficult
not to accumulate error in conditions where slow
movements and long duration static bending were
prevailing. In cases where only cyclic or fast tran-
sient bending is to be detected, the tests performed
showed that this sensor was a suitable solution.

While the work developed was still an initial ap-
proach, the concept of a pneu-net actuator with an
embedded IPMC sensor was proven to be feasible,
in spite of its limitations.
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