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Abstract. Motion capture of human body potentially holds great significance
for exoskeleton robots, human-computer interaction, sports and rehabilitation
research. Dielectric Elastomer Sensors (DESs) are excellent candidates for wear-
able human motion capture system because of their intrinsic characteristics of
softness, lightweight and compliance. Fabrication process of the DES was devel-
oped, but a very few of optimal design is mentioned. To get greater measurement
precision, in this paper, some optimization criteria was put forward and validated
by some experiments. As a practical example, the sensor was mounted on the
wrist to measure joint rotation. The experiment results indicated that there is a
roughly linear relationship between the output voltage and the joint angle. There-
fore, the DES can be applied to motion capture of human body.

Keywords: Dielectric elastomer sensor - Optimal design - Joint angle
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1 Introduction

In recent years, the demands of human motion capture have been increasing in the fields
of exoskeleton robots, human-computer interaction, sports, and many others. Some
technologies for motion capture are already applied in engineering, but they suffer from
serious limitations. For example, optical system is limited to the room where the cameras
are installed [1]; Inertial Measurement Units (IMUs) suffer from integration drift [2, 3];
goniometers are bulky and uncomfortable because of the hard elements [4].

Dielectric Elastomer Sensors (DESs) are soft, lightweight and compliant, can be
worn directly on the human body, and overcomes the above disadvantages. It is an
excellent candidate for wearable human motion capture system. The DES can be used
as a pressure sensor or a stretchable sensor. The state of the art in DES pressure sensors
is a growing field. In one study, Kasahara et al. [5] fabricated a flexible capacitive tactile
sensor and could detect the direction and distribution of force. In another, Kim et al. [6]
used plastic structures and dielectric elastomer capacitors to fabricate a six-axis force/
torque sensor. In a third study, Bose et al. [7, 8] designed an innovative dielectric elas-
tomer compression sensor which could convert the compression load to a tensile load
by the various wave profile structures and had a high sensitivity. The research involving
DES stretchable sensor is also being widely reaserched. In one example, Anderson et al.
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[9] developed a stretchable sensor to measure strain up to 80% with good accuracy. In
addition, Considerable work has been done on self-sensing transducer namely on how
to extract strain information during actuation [10-13].

The optimal design is a necessity work for DES to improve measurement precision.
However, there are a few of researches about it. Therefore, this paper is focused on the
optimal design of DES.

2  Working Principle of the DES

The typical DES consists of three layers of DE membranes and two layers of soft elec-
trodes, as shown in Fig. 1(a). The middle layer is the dielectric, while the outer layers
are used for protection. This structure creates an electrically flexible capacitor. The
simplified equivalent electrical model is a variable capacitor Cin series with two variable
resistors R, as show in Fig. 1(b).
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Fig. 1. (a) Typical structure of the DES (b) Equivalent circuit of the DES

Both the capacitance and the resistance will change with deformation of the DES, and
these changes can be used to infer the deformations. Compared to the series resistance,
measuring changes in capacitance with deformation is more straightforward and reliable
because the resistance is extremely dependent on the electrode uniformity and environ-
mental temperature [14]. According to Eq. (1), the capacitance C is simply related to the
overlapping electrode area A, the thickness of the dielectric layer d, the relative permit-
tivity of the dielectric layer material £,, and the permittivity of free space &,
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The schematic diagram of detection circuit is shown in Fig. 2. Its working principle is
that the capacitance of the sensor is converted into the circuit output voltage by integrating
the charging current of the capacitance. By setting appropriate circuit parameters, the rela-
tion between DES capacitance and circuit output voltage can be expressed as:

Vour = kC @
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Fig. 2. The schematic diagram of detection circuit

Where k is a constant, decided by the circuit parameters, V- is the circuit output
voltage, C is the capacitance of DES.

3 Fabrication of the DES

The dielectric elastomer membrane was fabricated from a two-component polydime-
thylsiloxane (PDMS) silicone elastomer. The two PDMS components were mixed, with
the addition of a solvent (isooctane) using a planetary mixer (Thinky ARE-310) that
also degassed the PDMS/solvent solution. The isooctane lowered the viscosity of the
mixture, making it easier to cast. The mixture was cast on a substrate (polyethylene
terephthalate, PET) using an automatic film coater (ZEHNTNER, ZAA2300) with a
thickness determined by a universal applicator (ZEHNTNER, ZUA2000) [15]. The
PDMS was then allowed to cure in the oven at approximately 80 °C. The soft electrode
consisted of carbon particles (EC300 J) dispersed in a soft silicone matrix (MED4901,
Nusil) with a 1:10 mass ratio [16]. The electrode was then applied to both sides of the
dielectric layer and subsequently cured in an oven at approximately 80 °C. Finally, a
short exposure to oxygen plasma was used to bond the electrode and protection layers
together [17].

4 Optimal Design of the DES

To precisely measure human joint movement, high sensitivity is needed. For example,
an output voltage noise has a smaller influence on measurement precision of the sensor
with a higher sensitivity than a lower one for DESs. Besides, the great sensitivity can
also improve the resolution.

4.1 Theoretical Analysis and Optimization Criteria

The undeformed shape of the electrode area of the DES was a rectangle. So the stretch
ratio of sensor in three directions can be defined as:
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Where, [, is original length of electrode area of the sensor, b, is original width of
electrode area of the sensor and d, is original thickness of the dielectric layer. Al is
variation of the length, Ab and Ad have similar definition.

So, the Formula (1) can be rewritten as:

&g, Abyl @
Asd,

Because the volume of the sensor cannot be compressed and the sensor is uniaxial
stretched, namely,

A=A, 5)
The Formula (4) can be rewritten as:
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The sensitivity of DES can be defined as:

dVour _ kigo€,by
S = =
dl d, @

Based on Formula (7), sensitivity of the DES can be improved by increasing the
width of electrode area, decreasing thickness of the dielectric layer or selecting the
material with higher relative permittivity as the dielectric layer.

4.2 Experiments and Hysteresis Characteristic of the DES

To verify above optimization criteria, we fabricated some types of DESs with the same
protection layers made of Silbione LSR 4305 and same length of electrode area. The
DES was mounted on a one-dimensional motorized platform and could be stretched at
a specified speed, starting position, and ending position. The corresponding output
voltages were recorded by interval of displacement 500 pm.

Some DESs were fabricated by using same materials and different width of electrode
area. Relationship between deformation and output voltage of the DES is shown in
Fig. 3(a). According to the Fig. 3(b), it can be concluded that the sensor sensitivity will
be higher with boarder electrode width, and is also proportional to the electrode width.
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Fig. 3. (a) Relationship between deformation and output voltage of the DES (b) Sensitivity of
the DES with different electrode width

Figure 4(a) shows similar characteristic of the DES with different thickness of
dielectric layer. The thickness refers to the height set by the universal applicator, not the
real thickness of DE membrane, but the two parameters are proportional [15]. According
to the Fig. 4(b), it can be concluded, the thicker the dielectric layer, the higher the sensi-
tivity will be. Sensitivity of the DES is roughly inversely proportional to the thickness
of the dielectric layer.
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Fig. 4. (a) Relationship between deformation and output voltage of the DES (b) Sensitivity of
the DES with different thickness of dielectric layer.

Figure 5 shows similar characteristic of the DES with different dielectric layer mate-
rials. Sylgard 186 (Dow Corning), Silbione LSR 4305 (Bluestar Silicones), and
MED-4901 (NuSil) were chosen to fabricate the dielectric layer, and their sensitivities
are 0.0079 V/mm, 0.0094 V/mm and 0.01 V/mm respectively.
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Fig. 5. Hysteresis loops of DESs with different materials of dielectric layer

The DESs have obvious hysteresis because of the inherit viscoelasticity of the
dielectric material. The hysteresis loops of Sylgard 186, Silbione LSR 4305 and
MED-4901 are shown in Fig. 5, and their maximum hysteresis are 1.34%, 0.86% and
0.79% respectively. Besides, if all points on the hysteresis loop were considered, the
characteristic of MED-4901 is much better than Sylgard 186 and Silbione LSR 4305.
Hysteresis will reduce precision of the DES directly, especially for dynamic measure-
ment; therefore, MED-4901 is a suitable material to fabricate the dielectric layer among
the three popular silicone materials.

According to the experiment results, sensitivity of the DES can be improved by
increasing width of the electrode area, by decreasing thickness of the dielectric layer or
by selecting suitable material with low hysteresis.

However, wider electrode area will make the DES and skin more difficult to fit well.
Therefore, the better choice is to apply a thinner dielectric layer to fabricate the DES,
and the thinner layer can make people more comfortable because of the lower rigidity.
On the other hand, the material with lower hysteresis should be chosen to fabricate the
dielectric layer, and the protection layer should have lower Young’s modulus and higher
strength to make the DES softer and more reliable.

5 Measuring of Joint Angle by the DES

To validate the DES in measurement of joint rotation, the DES was mounted on the wrist
by adhesive tape, as shown ass Fig. 6(a). When the wrist was bending, the sensor would
be also stretching. Meanwhile, the joint angle could be obtained by photographing and
then picture processing. The experiment results are shown in Fig. 6(b). The fitting
straight line is y = 0.0017x + 0.5967, and R-Squared is 0.9682. The result indicates that
the output voltage of the DES is positively related to the joint angle, therefore, the DES
can be applied to measure the joint rotation.
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Fig. 6. (a) Experiment to measure the joint rotation by the DES (b) Relationship between the
output voltage and the joint angle

6 Conclusion

To DES, a higher sensitivity also means greater discrimination that is expected to
measure the joint rotation. Therefore, some optimization criteria were concluded to
improve sensitivity and precision of the DES. Firstly, the wider the electrode area, the
higher the sensitivity, but too wide DES will limit the fitting of skin and the DES, so, a
suitable wider electrode area should be determined. Secondly, thinner dielectric layer
can make higher sensitivity. Finally, the material with lower hysteresis should be chosen
because the soft material has more obvious hysteresis.

In general, the dielectric layer should be fabricated by the material with lower hyste-
resis and should be as thinner as possible; to make the DES softer and keep the qualified
strength, the protection layer should be fabricated by the material with lower Young’s
modulus and enough strength. Other technologies also can be applied to improve preci-
sion of the DES, such as using high specification electrical components, filtering and
shielding. When the DES was used to measure joint angle, the experiment results indi-
cated that the output voltage of the DES is positively related to the joint angle, therefore,
the DES is qualified to be applied to capture human joint rotation.
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