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A Versatile Conducting Interpenetrating Polymer Network
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Luc Chassagne1 and Barthélemy Cagneau1

Abstract— This work deals with a Conducting-
Interpenetrating Polymer Network (C-IPN). The C-IPN
exhibits very interesting and promising properties which can
make it suitable for applications in robotics as a tool to
perform tasks in the fields of manipulation, grasping or force
measurement. It is known in the literature that such C-IPN
may be actuated and bended to interact with other objects.
Some of them can also be used as sensors to characterize the
interaction. In this paper, we show that actuation and sensing
can be performed at the same time. Moreover, we propose
analytical models which can be useful for future work to
process the C-IPN output and to control them. All results are
verified with experimental data.

I. INTRODUCTION

Gripping and manipulating microscale objects is a critical

issue of many applications in micro-assembly [1], micro-

robotics [2], [3], microfluidics, optics [4] or biology [5],

[6]. In micro-manufacturing, assembling the components

precisely is essential and is handled with techniques such

as MEMS [7], [8]. Several micro-grippers and driving tech-

niques have been developed, including electrothermal actu-

ators [9], [10], electrostatic actuators [11], electromagnetic

actuators [6], [12], piezoelectric actuators [13], [14], [15],

shape memory alloys (SMAs) [16], and electronic conduct-

ing polymers (ECPs) [17], [18], [19]. For high precision

and reliability, the requirement of sensorized micro-grippers

increases [20], [21]. Grippers with embedded sensors to

monitor the gripping force are required to manipulate the ob-

jects without any damage. However, the available workspace

for additional sensors is limited. Integrating sensors and

actuators on the same electrode or using actuators with

intrinsic sensing capability can save the volume of the final

product. Conducting interpenetrating polymer networks (C-

IPNs) appear as a potential solution, to design compact

grippers that can sense and actuate at the same time with

only two wires connected.

C-IPN is a flexible tri-layer structure which comprises

two conducting polymer electrodes on each face of the

electrolyte membrane. Electronic conducting polymer (ECP)

are reactive materials and can be electrochemically oxidized

or reduced, while ions exclusion or inclusion from the

electrolyte for electroneutrality contributes to volume change
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of the polymer [22], [23]. The related deformation caused by

reversible redox reaction makes ECP popular in the family

of electroactive polymers (EAPs), attracting wide attention

for actuating application [24]. In recent years, researches

of ECP actuators using poly(3,4-ethylenedioxythiophene)

(PEDOT) [25], [26] or polypyrrole (PPy) [27], [28] have

been proposed. Among them, tri-layer devices consisting

of two ECP electrodes and an interjacent solid polymer

electrolyte (SPE) as an ionic reservoir can operate in open-air

[29], [30]. Moreover, C-IPNs with ECP/SPE/ECP layers have

been described. This architecture presents several advantages

such as cyclability, good performances, fast response and

compact size [31].

In this study, we present a C-IPN that may act both as an

actuator and as a sensor, having great potential to be a micro-

gripper that actuates and senses the contact at the same time

without additional sensor. When electric potential difference

is applied between the two electrodes, the ECP electrodes

are deformed in opposite direction and bend the conducting

C-IPN according to the redox reaction. On the other hand,

when the C-IPN is bent by a mechanical stimulus, an electric

potential can be measured between the two electrodes due

to mechanically induced ion motion between them [32]. The

dimensions of C-IPN in this study are in millimeters (for the

length and the width) while the thickness is a few hundreds of

micrometers. Experimental data are provided but not limited

to this scale.

In section II, we briefly present the fabrication process

of the C-IPN. More details can be found in [33]. The

experimental setup is also presented. In section III, the C-IPN

is used as a sensor and experimental results are presented as

well as a model. In section IV, a model is proposed for the

actuator and we show that contact detection is enabled while

actuating. Finally, in section V, a conclusion is drawn and

future work is discussed.

II. C-IPN FABRICATION PROCESS AND

EXPERIMENTAL SETUP

A. Conducting C-IPN Synthesis

The electroactive material is prepared according to a

detailed procedure described elsewhere [33]. The conducting

C-IPNs are composed of two ECP electrodes interpenetrated

in both faces of a membrane acting as an electrolyte reservoir.

The presence of these ions is necessary to make these

materials electroactive as actuators and as sensors.
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Fig. 1: Schematic representation of the structure and com-

position of conducting C-IPN used as actuators or/and as

sensors

The interpenetrated ECP electrodes, presented in figure 1 are

made of poly(3,4-ethylenedioxythiophene) (PEDOT). The

membrane is synthesized with a C-IPN architecture with

two interpenetrated networks: a poly(ethylene oxide) network

(PEO) insuring ionic conductivity through the membrane

and a high molecular weight Nitrile Butadiene Rubber

(NBR) insuring the mechanical robustness of the final device.

After synthesis of the pseudo-trilayer material, the chosen

electrolyte, the ionic liquid 1-ethyl-3-methyl-imidazolium

bis(trifluoromethylsulfonyl)imide (EMITFSI) is incorporated

through a swelling step.

B. Experimental Setup

The experimental setup is represented in figure 2. It

consists of 2 distinct parts. The first one is the C-IPN itself

with a rectangular shape (23mm in length, 4mm in width

and a thickness of 250µm). It is actuated with an external

power supply.

The second part of the experimental setup is a DC motor

which can be actuated and controlled to disturb the C-IPN.

A rigid probe may be thus in contact with the C-IPN on its

two sides.

III. SENSOR MODE

In this section, we are focused on the sensing capabilities

of the C-IPN. Figure 3 briefly describes the schematic used

to interact with the C-IPN. The switch may be placed in

position 1 to actuate and to bend the C-IPN and in position

2 for sensing purposes. The terms sensor mode and actuator

mode are used hereafter.

A. Electronics Design

In figure 3, Up is the C-IPN voltage and Ug is the voltage

provided by a signal generator. A resistor R may be tuned

to adapt the current consumption as well as the dynamical

behaviour of the C-IPN.

IPN

23mm

Positive

deformation

Negative

deformationRotation ⊕ Rotation ⊖

Probe for contact

DC Motor

4
m
m

Fig. 2: The C-IPN is actuated with a power supply and

disturbances may be applied with a probe connected to a

DC motor.
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Fig. 3: Illustration of the 2 modes used with the C-IPN.

After first experiments, we can notice that, in sensor mode,

Up is only of a few hundreds of microvolts. It is thus

necessary to magnify the signal to perform the acquisition.

To solve this problem, an analog amplifier circuit with a

tunable gain is proposed in figure 4.

Equation 1 describes the relationship between the input

Up and the output Us:

Us(t) = Ks Up(t) (1)

The circuit of signal conditioning consists of three suc-

cessive levels of amplification. To decrease electronic noise,

the board uses low-noise operational amplifiers of Analog

Device OP27. The board has two levels of non-inverting

amplifier tuned with a gain of 11. The intermediate level

is a differential amplifier with a gain of 10. It allows the

compensation for the offset voltage of the transducer that
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Fig. 4: Electric diagram of the amplifier board. The gain may

be tuned and is set to Ks = 1210 for experiments

may occur due, for example, to residual deformations. As

a consequence, the signal is amplified with a total gain

Ks = 1210.

B. Experimental Results

We use the DC motor described in section II-B to create

passive deformations. The C-IPN is submitted to periodic

deformations because of the constant velocity of the motor.

After 2 cycles, an opposite voltage is applied to the motor.
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Fig. 5: Amplified sensor output with periodic disturbances.

Us is modeled with Us,m

Figure 5 clearly presents four cycles which correspond to

4 disturbances applied to the C-IPN. According to equation

1, Us is measured and plotted. The amplitude of Us is about

±0.15V . This sensitivity is high enough to detect the contact

while a deformation occurs.

For each disturbance cycle, 2 different phases are observed:

• The C-IPN seems to be first linearly deformed. This

phase happens when the probe is in contact with the

C-IPN. It is bended until the contact is broken.

• The voltage Us is secondly decreasing with an expo-

nential shape. This phase happens when the C-IPN is

relaxing to its initial state.

To validate these observations, we have derived an analyt-

ical model Us,m for the two observed phases. The proposed

model is such that:

Us,m(t) = Ks(t− t0), for 0 ≤ t ≤ t1 (2)

Us,m(t) = As exp
−(t−t1)/τs +Bs, for t > t1 (3)

Ps = {As,Ks, τs, Bs} is a set of parameters that we need to

identify with experimental data. t1 corresponds to the time

when the contact is broken. t0 is only a time offset to shift

the model with respect to the time t. To identify Ps, we have

used the third disturbance cycle in figure 5.

In figure 6, the model Us,m is matching experimental data

Us.
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Fig. 6: Zoom on the third cycle

The parameters that we have identified are:

{Ks, As, τs, Bs} = {−0.32V.s−1, 0.16V, 0.5s, 0.02V } (4)

It is important to notice that the experiments are repro-

ducible. For the fourth cycle in 5, the set P is the same.

When switching to the so-called positive deformations, the

signs of As and Ks have been changed to match the sign of

Us. However, for these first two cycles, Bs = 0V . It seems

that the two electrodes (the two sides) of the C-IPN are not

symmetric. That would explain the different values of Bs

depending on the deformations.

To summarize, the amplifier circuit is well suited to detect

the deformations that occur on the C-IPN. The electronic

board amplifies the C-IPN voltage Up with a gain Ks =
1210. However, the amplitudes of negative and positive im-

pulses are not totally identical because of possible asymmetry

of electrodes rising from the synthesis. This could explain

the asymmetric behaviour of the two electrodes. The error

induced by the lack of symmetry is compensated with the

Bs term in the model (see equation 3).

IV. ACTUATOR MODE

In this section, we are focused on the capabilities of the

C-IPN to be used as an actuator. As illustrated in figure 3,

the switch is positioned to actuate the C-IPN.

In section III, we have shown that the sensor mode is suitable



to detect a contact and measure the variations of the forces

applied to it. However, the main interest of C-IPN should be

to actuate and to sense at the same time.

A. Actuator Modeling

According to figure 3, Ug is used to actuate the C-IPN.

Ug is a square signal with following characterisics:

• Frequency: fg = 0.1Hz
• Magnitude: Mg = ±2V

At each time, we have also verified that equation 5 is

satisfied:

∀t, Ug(t) = UR(t) + Up(t) (5)

In figure 7, Ug and Up are plotted as functions of time t.
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Fig. 7: The C-IPN is actuated with Ug . Up is measured and

modeled with Up,m

While the C-IPN is actuated, a peak value around 200mA
is observed for the current when Ug value is switched.

For this experiment, the maximum angle of deformation is

δmax = ±10◦ depending on the sign of Ug .

One of our concern is to derive a model of the actuator

which can be used to understand the C-IPN behaviour.

According to figure 7, it seems that the shape of Up is

exponential and we have proposed to derive a model Up,m

of Um as:

Up,m = ± (Ap ∗ exp(−(t− t0)/τp) +Bp) (6)

The parameters Ap = 0.57V , Bp = 1.28V and τp = 1.80s
have been identified. The signs of Up and Up,m only depend

on the sign of Ug .

B. Experimental Results

In this section, we want to evaluate the capabilities of the

C-IPN to actuate and to sense at the same time. The C-IPN

is actuated as described in section IV-A with Ug. We also

apply a periodic disturbance on the polymer with the DC

motor presented in section II-B. The velocity of the motor

is set to a constant velocity so that the frequency fd of the

disturbance is fd = 0.5Hz.

The results are presented in figure 8.
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Fig. 8: Periodic disturbances, with a frequency fd, are

applied to the C-IPN while it is actuated

Results are plotted as functions of time. To emphasize

these results, the difference E between the C-IPN voltage

Up and its model Up,m is plotted according to equation 7

E(t) = Up,m(t)− Up(t) (7)

E represents the component of Up that corresponds to the

disturbance.

The first thing that we can notice is that the model Up,m

is still valid for this new experiment. The experiments are

indeed reproducible when the same C-IPN is used. The set

of parameters needs to be adjusted when the dimensions

are changed. The second noticeable thing is that we are

able to detect the disturbances applied to the C-IPN while

measuring Up. All disturbances applied to the C-IPN appear

on the plot for 15 seconds. It clearly illustrates that we enable

actuation and contact detection at the same time on the same

electrodes.

In future work, it should be interesting to quantify the

deformations and provide the user with better information

concerning the contact between the polymer and its environ-

ment. That would make the C-IPN suitable for manipulation.

In order to improve the setup, it is however required to adapt

the electronic board to amplify the signal component that

corresponds to the deformation due to the disturbance.

V. CONCLUSION AND FUTURE WORK

In this paper, we have demonstrated the sensing and

actuating capabilities of the C-IPN. A remarkable result is

that the electronic design and the experimental setup allow

to sense and actuate at the same time. However, only binary

information like contact/non-contact can be retrieved with

this prototype. In future work, we plan to amplify the signal

presented in figure 8 to extract precise information about the

contact. It will be necessary to process the signal since it

contains two components. The first one relates to the contact

with a level of a few millivolts. The second one may be of

a few volts to actuate the C-IPN.

We are also interested in manipulation at microscales and

have developed a C-IPN suitable for this scale. In future

work, we hope to demonstrate that similar results can be



achieved at microscale. One of the main advantage is that

the shape of the C-IPN can be freely designed. We can thus

expect to use these polymers as micro-grippers to perform

manipulation tasks.
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