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Abstract: In this paper, mechanical modelling and stress-strain prediction of the ionic type of electroactive polymer (EAP)
based capacitive strain sensor under multiaxial loading has been performed using uniaxial tensile data. A highly stretchable
sensor with > 400 % strain was fabricated using Styrene-ethylene-butylene-styrene (SEBS) rubber and Dodecyl benzene
sulphonic acid (DBSA) doped polyaniline (PANI) composite material as a dielectric film, and carbon grease as top and bottom
electrodes. From uniaxial tensile measurements, a three-dimensional constitutive model of the EAP strain sensor was validated.
Experimental data obtained from the uniaxial tensile measurement was fitted according to the Ogden-based constitutive
mathematical model. For predicting the stress-strain behaviour of the sensor under the multiaxial loads, 2" term of the Ogden
model was demonstrated to fit well with uniaxial tensile data. Such modelling can play a significant role in designing any type
of EAP-based sensor for various operations under variable loading conditions.
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1. Introduction

Electromechanical devices like actuators, sensors
and generators have been widely used in robotics,
healthcare, augmented reality and wearable devices
[1- 5]. The last decade has witnessed a shift in the
research trends from hard and brittle to soft, flexible
and lightweight wearable devices. Highly elastic
strain sensors that can detect large strains are highly
in demand for deformable systems such as soft
robotics and wearable devices. When mechanical
stimuli are applied to the strain sensors then changes
in capacitive and resistive values have been noticed,
which makes the basis of this type of sensor
technology [6-11].

Capacitive sensing has several advantages over
resistive sensing like high linearity, reproducibility,
and low hysteresis so currently researchers are,
focusing the capacitive-based EAP sensors.
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The total capacitance of EAP based capacitive
sensor (Crorq; ) 1S the sum of two capacitances, one is
capacitance due to a change in its own dimension
(C;) and another is capacitance due to contact or
electronic circuit, as given below:

&-&A
Ciotar = G4 (T) + Cparasitic'

where ¢, is the dielectric constant; g is the permittivity
of free space; A is the active polymer area; t is the
thickness of the dielectric film and Cparsiic i the
capacitance caused by contact. However parasitic
capacitance is very small and can be neglected.
During all types of practical applications, these EAP-
based sensors undergo continuous loading and
unloading conditions and multiaxial deformations.
For choosing a suitable mechanical sensor, it is
very important to analyze stress-strain behaviour
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under various conditions, while for elastomer-based
soft sensors, it is very difficult and time-consuming to
analyze the stress-strain behaviour of sensors in
multiaxial loading conditions [13-14].

For designing a strain sensor for different types of
loading comprehensive analytical modelling is
needed, which could verify the sensor’s performance
experimentally. Existing papers do not provide
complete modelling and neglect many crucial
parameters which might affect the sensor’s
performance at large strain levels in the long run.

In this paper, the sensor was fabricated using
Styrene-ethylene-butylene-styrene (SEBS) rubber and
Dodecyl benzene sulphonic acid (DBSA) doped
polyaniline (PANI) composite film (casting from the
toluene solutions having 5 % concentration)
sandwiched between upper and lower part with carbon
grease-based  electrodes. Tensile tests were
performed, for analyzing the sensor’s performance by
using constitute equations, after post-treatment of
experimental data global fitting parameters were
evaluated.

These global parameters can predict sensor
performance even at a large value of deformation in
different types of loading. It was found that the stress-
strain curve was well fit with the second order of the
Ogden constitutive equation. By using fitting
parameters in the Ogden model-based constitutive
equation, stress can be predicted at any value of strain
under multiaxial loads. This complete procedure is
applicable to any type of elastomer-based capacitive
strain sensor at different types of loadings.

2. Experimental

2.1. Materials

A conducting and stretchable freestanding film
consisting of SEBS rubber (supplied from the Sigma-
Aldrich co.) and DBSA doped polyaniline
(synthesized in our laboratory at Kyutech, Japan)
composite film sandwiched between carbon grease
electrodes (purchased from MG chemicals) was used
for fabricating lonic type of EAP sensors. Carbon
conductive tape for making the electrical connection
was purchased from Nissin  Co. Ltd. Our
uniaxial tensile system developed at Kyushu institute
of technology, Japan consisting a computer-controlled
X-Y stage controller (Mark-102, Sigma Koki, Japan),
load cell (LU-10 K, Kyowa), and digital Oscilloscope
(TDS 2001C, Techtronic, USA).

2.2. Uniaxial Tensile Machine for Mechanical
Characterization

Uniaxial tensile testing is most commonly used for
characterizing the mechanical behavior of isotropic
and elastic materials. Tensile measurement for the
sensor used in this work was conducted using the
uniaxial tensile testing system as shown in Fig. 1. It

can be seen from this figure that our tensile
measurement system has a 100 N load cell, mobile
stage, X-Y stage controller, and an Oscilloscope.
Multiple stretching and relaxation cycles under
variable strains using a stage controller and mobile
X-Y stages were controlled by a computer-controlled
Lab-View program. Changes in the stress under
variable strain.

Fig. 1. Tensile measurement set-up.

2.3. Sensor Fabrication and Sample
Preparation for Tensile Testing

The basic structure of the device has been shown
in Fig. 2. This sensor is three layer device where
DBSA doped Polyaniline SEBS rubber was used as a
dielectric film and carbon grease was used as an
electrode. The composite film was sandwiched
between the upper and lower layer of carbon grease-
based electrodes, as shown in the device structure in
Fig. 2.

Carborn grease as an
electrode

OBSA doped Polyaniline SEBS rubber-based

composite dielectric film

Carbonrn grease as an
electrode

Fig. 2. Basic structure of stretchable carbon electrode-
based ionic EAP strain sensor.

The detailed fabrication process has been
described below [15]:
e Mix Polystyrene-block-poly(ethylene-ran-

butylene)-block-polystyrene-graft-maleic
anhydride (SEBS-g-MA) and toluene and stirred
solution at 1500 rpm for 90 °C and 30 minutes at
room temperature;

e After that mix DBSA-doped Polyaniline (5 %) in
SEBS rubber solution;

e Then again stirred solution at 1500 rpm for 90 °C
and 30 minutes at room temperature;

e Pour the solution into the desired shape of patriarch
glass and heat at 90 °C for 120 minutes;

e Take dielectric film and apply carbon grease on
both sides and fix carbon conducting tape on both
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sides of electrodes for making the connection for
measuring capacitance etc. Fig 3 shows SEBS
rubber and DBSA doped polyaniline-based

stretchable composite film works as a dielectric
medium for ionic EAP-based sensors.

Fig. 3. DBSA doped dielectric film.

For conducting the tensile testing rectangular type
of specimen having an active length of 2.8 cm, width
of 1.5 mm, and thickness of 0.05 mm have been used
as shown in Fig. 4. All tests were conducted at 1
mm/sec speed and fitting parameters were obtained at
100 % of strain value. Five samples were used for
post-treatment of data (Among five samples, three
samples were showing almost similar characteristics
so one sample was chosen out of those three samples
for post-treatment of data).

2.8cm

1.5cm

Fig. 4. Uniaxial tensile testing specimen.

Fig. 5. Sensor fixed between two jaws of tensile machine.

Carbon grease was applied on both the upper and
lower sides of the composite film and the non-
conductive tape was used on both ends of the sensor
for fixing the sensor between both jaws of the tensile
machine. Fig .5 shows sensor is ready for uniaxial
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tensile testing for analyzing the mechanical behaviour
of the sensor.

3. Results and Discussion
3.1. Basic Principle of Operation

When a deformable electroactive polymer film is
sandwiched between highly deformable conducting
electrodes on both sides of the EAP film then the
whole system works like a variable parallel plate film
capacitor and its capacitance changes on applying
mechanical stress, which forms the basis of such type
of capacitive sensing technology [15].

The capacitance of the EAP-based strain sensor
under a relaxed state (Cjeiaxea) can be written as:

&-&olqL,
Cretaxea = . L , (1
3

where, ¢, &, are dielectric constant, the permittivity of
free space, respectively and Lq, L,, L3 are the length,
width and thickness of the sensor at relaxed state.
While capacitance of EAP strain sensor in the
stretched state can be written as:

&-&0A1L1A,L,
Cstrechea = TT ’ (2

where A4,4,,45 are stretch ratio in X, Y and Z
direction respectively, while /;, [, and /; are lengths,
width and thickness at stretched state, consequently:

L _ L 3

A = 'A3=L3

Here we assume EAP strain sensor shows
incompressible and isotropic behavior, consequently

2.1/122.3 = 1 (3)
Ls
= 4
Cdeformed = Cretaxed( /1122)2 Q)

In case of uniaxial deformation, 4; = 4, 4, = % =
A5 consequently, we can write

Cstrechea = Crelaxed * 4 (6)

AC = Creraxea * € (7

where €is the strain, while, A is the extension
coefficient and AC is the change in capacitance,
respectively.

In Fig. 6 we can see the schematic diagram of basic
principle of operation of electroactive polymer-based
strain sensors (made from the elastomeric film as a
dielectric medium).
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Fig. 6. Basic principle of operation of EAP -based
strain sensors.

3.2. Mechanical Modelling of EAP Based
Strain Sensors

The mechanical behavior of the EAP strain sensor
does not follow Hook's law and nonlinear finite strain
theory is used to explain EAP strain sensor behaviour
as shown in Fig. 7.

Here we assumed that EAP strain sensor shows
incompressible and isotropic behavior, consequently
true stress 7, and strain energy potential (W)

and stretch ratio 4; can be linked by given equation
[16-17].

Sy

z

Fig. 7. Nonlinear finite strain theory for explaining EAP
based strain sensor’s behavior in 3D space.

ow
T; =/1ia—/1i—p (8)

In above equation p is hydrostatic pressure.

Normal stress (perpendicular to a surface) can be
written by equation given below:

w1

=51 " 3P ©)

The nine components of o; can be given by the
equation given as below.

Ox Oxy Oxz
Oij = Oyx Oy Oyz (10)
Ozx Ozy Oz

Above matrix can be written as below, where off
diagonal elements represent shear terms.
Ox Txy Txz
Oij = Tyx Oy Tyz (11)
Tzx Tzy Oz

In the absence of normal shear stress 1,
(perpendicular to a surface), these three stresses
perpendicular to these principal planes are called
principal stresses. Fig. 8 shows the principal stresses
and principal directions in 3D space.

g 0 O
;=0 o 0 (12)
0 0 o

According to the Cauchy’s theorem:
Ti = O'ijni (13)

where T; is the true stress vector at a point on a plane
with normal vector n;, A is corresponded to the
magnitude of normal stress vector (o).

Ti=li’li= O'jini (14)

Principal coordinate
system in 3D space

General coordinate
system in 3D space

Ty

|

"

Fig. 8. Principal stresses and directions explanation using
schematic diagrams.

(o = DNy + TyyNy + Tyyny = 0
Tyt + (ay - ﬂ)nz +7,,n; =0
Ty, + Ty Ny + (0, — ADng =0
(ox =2 Txy Txz n,
S| Tay (o= 2) Tyz [nzl
(o, — D]

Txz Tyz

(Gx - /1) Txy Txz
Ty (ay - /1) Tyz =0
Tyz Tyz (o, — M) (16)
= _/13 + 11/12 - 121 + 13
=0
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This is for a homogeneous system of three linear
equations, where n; are the unknowns. Therefore, 7,
I, and I, called the first, second, and third stress
invariants, respectively, can be given by following
equations

L = Tr|oy| = 23 + 23 + A3 (17)
1 2 )
12 = E[TT(O-’-]) — TT(O',:]' )] (18)
= 323 + 1323 + 13142
I = det(o;;) =1 (19)

Different type of constitutive model for defining
mechanical behavior of elastomers can be explained in
terms of strain energy density (W), Invariants and
coefficients as given below [18-21]:

WMooney—Rivlin = C10(11 -3)+ C01(12 -3) (20)

N
Wyeon = ) Cio (1 = 3)' @1

i=1

U
Wyeo-Hookean = E (11 -3) (22)
N
Wogden = ) SL(h“+ 2% + 25 =3),  (23)
i

i=1
where A (extension coefficient) =1+¢ (strain)

Table 1. Matrix representation of strain vectors and
formulas for calculating invariants in various types of

loading.
Loading Uniaxial Pure Biaxial
type shear
A 0 0
0 1 0 A 0 0 A 0 0
swn | J0 g7 0o 1ol o i o
1 0 0 — 00 —
lO 0 —J 2 12
VA
I
2 L =1 1
L=2+5 RTINS |
Invariants = 11+ A =2)% + T
(I & I) 12=2)1+/1_2 + I, i
= A4 + A_Z

Table 1 shows the matrix representation of strain
vectors for different kind of loads and equations for
calculating invariants at different kind of loading
conditions. With the help of Table 1 we can easily
calculate the strain energy density for different kind of
constitutive equations, as explained above (from
equation 20 to 24) and further we can also establish
relationship between stress and strain for any kind of
constitutive equation by using equation 9.
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3.3. Mechanical Characterization of EAP
Strain Sensor

Force displacement characteristics as shown in
Fig. 9, we can conclude that sensor shows purely
elastic behavior as cycles are repetitive, following
same trend and stress is almost constant in each cycle.

10
z ®
S 61
e 4
2 L) 1) L)

0 50 100 150
Displacement (mm)

Fig. 9. Force displacement characteristics of lonic EAP
based strain sensor.

From Fig. 10 we can see that sensor is highly
stretchable and can be elongated more than 400 % of
strain value.

For elongation at break test sample’s length, width,
thickness was 2 cm, lecm, 0.2mm respectively.

P
w (%))
1

Stress (MPa)
t

o Ll T T T T
0 100 200 300 400 500

Strain ( %)

Fig. 10. Elongation at break test of EAP strain sensor.

3.4. Predicting Stress Strain behavior of EAP
Strain Sensor under Multiaxial Loads

First stretching cycle up to 100 % applied strain
was used for the mechanical modelling using Ogden
based constitutive model and it can be seen from the
Fig. 11 that there was good agreement between the
experimental data and fitting of the data using the
Ogden 2™ terms constitutive equation (in stress versus
strain form). Fitting parameters (less than 10 %
deviation for 5 samples) are summarized in the Table
2. For curve fitting cftool (in Matlab), hyperfit or
abaqus can be used. Here curve fitting was done using
Hyperfit software http://www.hyperfit.wz.cz(Ansys-
compatible original form).
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Fig. 11. Fitting of experimental data with Ogden Modelling
for ionic type of EAP strain sensor.

Table 2. Ogden fitting parameters.

Fitting parameters Ogden 2" order
u (MPa) 6.51,-0.02
o (MPa) 2.02,3.18

With the help of fitting parameters, we can predict
the stress-strain behavior (uniaxial loading) of the
sensor at any value of strain by using equation 23,
Table 1 and section 3.2 (as shown in figure Fig. 11 and
Table 2). Similarly, we can also use these fitting
parameters in predicting stress in biaxial and planar
loading as well.

4. Conclusions

Sensor was highly stretchable and can be stretched
up to 400 % of strain value. From uniaxial tensile
experiments, a three-dimensional constitutive model
of the EAP strain sensor was validated. Sensor was
showing good agreement with Ogden’s 2™ terms and
these fitting parameters obtained from uniaxial tensile
data can also be used for predicting sensor’s behavior
under multiaxial loading. This type of analytical
modelling can be useful in designing elastomer-based
strain sensor for various loading conditions.
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