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Abstract. This article clarifies the key issues in the development of models of sensors of electrically
conductive elastomers (SECE).Mathematical models of SECE are composed operating at direct
and alternating current mode. Based on them two simulation models are realized in Matlab en-
vironment. These models allow study of the properties of the sensors and the impact of input in-
fluences prior to their practical realization. This article offers an analysis of the results ob-
tained in the simulations and experimentally. The article aims to support the construction works
of sensors to which are applied ever — increasing requirements for improvement of their metro-
logical characteristics.
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1. INTRODUCTION

With the development of electronic technology and the increasing desire to re-
place manual labor with automated production activities, the design and implementa-
tion of specialized industrial robots is required. To properly perform their tasks the
robots need a large amount of different types of sensors.

A number of requirements are placed on the sensors: small size and weight, high
reliability, sensitivity, repeatability of statements, minimum equipment costs, immun-
ity from interference and aggressive and moist environments, thermal stability, etc
[5].

The tactile sensors are a special class of sensors detecting force and pressure that
are characterized by their compactness and low cost.

The most commonly used construction of tactile sensors with electrically conduc-
tive rubbers (elastomers) is the "sandwich" type (fig. 1). In it the elastomeric material
is placed between two metal electrodes. This structure is embedded as the base used
in test samples and their models. The pressure is applied statically, perpendicular to
the sensor, by means of a suitable mechanical system and weights, and the volume
resistance of the material changes in result. We are rarely interested in surface re-
sistance. It is measured and constitutes one of the criteria for quality in production of
elastomeric blends [1].

The purpose of this work is the mathematical modeling of sensors of electrically
conductive elastomers (SECE) and the creation of simulation models.

Matlab Simulink programming environment allows the description and study of
the selected object. The model, thus constructed, allows investigation of the sensor
prior to its practical implementation, which shortens the design time [3].
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2. THEORETICAL JUSTIFICATION

The used electrically conductive elastomers are polymers, for which glass transi-
tion temperature is below the ambient (room) temperature, their melting point is
above the ambient temperature and they are in a highly elastic condition. They have
properties similar to those of natural rubber and are known as "rubbers".

All real objects under the influence of external forces change their shape and vol-
ume. The aspiration of the objects to recover their volume and shape is called elastici-
ty [2].

F Fig. 1 shows the structure of the SECE.

The external impact -the slowly chang-
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Fig. 1. Structural Scheme of SECE between the electrodes 1 and 3, and the

elastomer 2. The dependence R = f (F)

Is nonlinear. For its analytical display the theory of the elastic properties of bodies is
used [6].

For an evenly deformed object from perpendicular directed force F, the elastic
forces are evenly distributed and directed perpendicular to the entire cross-section S.
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Then o = § is called normal elastic stress.

. i Ad . . .
The dimensionless parameter e = Td is called relative deformation. When the ex-

ternal forces shrink the object, the relative deformation is negative (4L <0) and the
elastic stresses are called pressure stresses.

For relatively small deformations the elastic pressure stresses are directly propor-
tional to the relative deformation & - Hooke's law

o =ke. (1)

The proportionality factor k is a constant which does not depend on the dimen-
sions of the object, it is characterized only by the elastic properties of its building ma-
terial. It is called modulus of elasticity. During stretching or shrinking the elastic
modulus is called Young's modulus and is marked with E. For this type of defor-
mation the Hooke’s law has the form

o = Ee¢. (2)

Then, the equation for the operating force is:

F=0S=EeS= ErsAd—d . (3)
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The following expression is derived for the relative deformation:
_Ad_ 1
d E/S

&

(4)

2.1. SECE working at direct current mode

For the purposes of modeling it is assumed that all the elements that make up the
scheme of the sensor are ideal.
The electrical circuit for studying the SECE is shown in fig. 2.
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Fig. 2. Scheme for connecting SECE with a direct-current source

With the resistors R, the volume and contact resistance of the sensor are defined.
The load resistance is denoted by Ry, which allows for realization of different condi-
tions for sensor operation. The output value from the work of the sensor is the voltage
on Ry

The equation for the output voltage is

R E
U, = AN - o (5)
RF

Considering the relative deformation & (2) and a correction factor g for the func-
tion of voltage variation, the following expression is obtained:

E
U, = = . (6)
1+—M
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The expression (6) is used to create a simulation model in Matlab environment, as
shown in fig. 3.

As a controlling example the experimental results (fig. 1.b) are compared graph-
ically with those from the simulation in Matlab (fig. 1.a). A very good match is ob-
served. This is confirmed by the comparison of the baseline values determined in
both ways. The relative error is within the boundaries of §, = +5%.
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Fig. 3. Simulation scheme in Matlab environment
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Fig. 4. Change in the output voltage as a function of the force measured

2.2. SECE operating at an alternating current mode

Fig. 5 shows the electrical scheme for examination of SECE with and AC-current
source.
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Fig. 5. Scheme for connecting SECE with an AC-current source
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The electrical parameters of SECE are presented with the help of a resistor R.and
capacitor Cr, connected in parallel. With the resistor again the volume and contact
resistance of the sensor is expressed, and by C; the capacitor, which is obtained from
the presented constituent structure of the sensor (metal - electrically conductive elas-
tomer — metal) is denoted. SECE is connected in series with the coil with inductance
L.

For the electric circuit (fig. 5) the following system of equations under the laws of
Kirchhoff in a snapshot is composed:

iL(t) = ip(0) +ic (1)

i = Lle) - Ri ) - dL®
i () = Rr[e(t) RiL(t) - L= }
i = c,r d=® (7)
1dt
= C—jic(t

The variation of the resistance and the sensor capacity as a result of external, de-
forming, force impact is determined by the following expressions:

S

and C, (8)

= &oér

The system (7) and the equations (8) are used for the creation of a simulation
model in Matlab environment, shown in fig.6.
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The graphs with variations in the output voltage as a function of the force F are
given in fig. 7 (a - simulation, b - experimental data).
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Fig. 7. Change in the output voltage as a function of the force measured

5. CONCLUSIONS

Analytical expressions are obtained for the effect of SECE in two modes of opera-
tion: direct and alternating current. The parameters of the models are defined. Simu-
lations in Matlab environment are created. The simulation results overlap with the
experimental ones with a maximum relative error &, = +5%.

The results can be used to derive dependencies related to the other parameters of
the sensor by means of which the overall design could be afterwards executed.

The presented modeling approach can be applied to other types of sensors with
different size, different elastomers with different resistivity, for determining the type,
possessing the best metrological characteristics according to the specific pre-set re-
quirements.
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