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A B S T R A C T

Dielectric elastomer is a very popular composite material used for different applications. Calcium copper titanate
(CCTO) particles have a high dielectric constant, while polydimethylsiloxane (PDMS) is a commonly used flexible
elastomer with good elastic property and durable chemical resistance, and their composite has shown an impor-
tant and unique character for the fabrication of the pressure/force sensor. To improve the sensitivity of the capac-
itive sensor, various elastomers’ microstructures have been introduced; but the methods used to manufacture
microstructures in PDMS have so far been more difficult, requiring special equipment or hazardous chemicals
such as strong acids and alkalis, otherwise, the sponge-like structures produced are slightly larger and cannot be
applied to very small scenes. In this report, the extraction method was used to manufacture porous microstruc-
tures of the PDMS with multiple porosities; the influence of different porosities and pore sizes on the sensitivity of
capacitive pressure sensors, which can increase the sensitivity of capacitive pressure sensors, the measuring force
range, and also applied to tiny scenes, were explored. Additionally, the current methodology for manufacturing
porous PDMS composite membranes is also suitable for the manufacture of other thinner PDMS composite porous
membranes.
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1. Introduction

The Capacitive Pressure Sensor is a measuring component that meas-
ures the force because the pressure affects the capacitance and causes
the output power to change. Due to its simple structure [1,2], high tem-
perature resistance [3,4], radiation resistance [5], high resolution [6],
good dynamic response characteristics [7], etc., it is widely used in pres-
sure [8,9], displacement [2,8], acceleration[10], thickness [3], vibration
[5], liquid level [11] and other measurements [12]. It has also become
an indispensable part of electronic wearable equipment [13,14] and var-
ious industrial automation environments (including water conservation
[15] and hydropower [16], rail transit [17], and aerospace [18]). In
view of the demand for micro-scale measurement, there is need for the
manufacture of more sensitive sensors [19]. This led to the discovery
that for capacitive pressure sensors, the dielectric constant and distance
of electrode during compression are two very important factors [20],
particularly after the size of the sensor have been determined. Hence,
dielectric elastomer, a functional composite material which mixes high
dielectric constant materials in an elastomer, has become highly desired
because of its combination of high dielectric constant and good elasticity
[21,22]. In addition, some microstructures and porous structures can
help increase the greater change in distance during the pressing process
with the same force, thereby improving the accuracy and measurement
range of the capacitive pressure sensor [20,23,24].

Calcium copper titanate (CaCu3Ti4O12; CCTO), a giant dielectric
material and polydimethylsiloxane (PDMS), an elastomer, are widely
used in dielectric elastomers [25�27] and they can be made into various
dielectric elastomer actuators [28�30]. Since the CCTO hybrid PDMS
improves the dielectric coefficient of the elastomer, the CCTO-PDMS
composite plus the microstrutures can become an ultrasensitive capaci-
tive sensor [31]. However, the spongy structure is relatively large,
because the mold disappearance method (the mold is made into a built
structure and then eroded) [31�33] is used to obtain this kind of struc-
ture. While trying to make miniature and small capacitive pressure sen-
sors, the elastic body should not be too thick, and the limitation of the
mold size makes the manufacture of the microstructures more difficult,
which is not easy to achieve the adjustable pores’ dimension. However,
even if a mold of a suitable size is obtained, such as nano particles of a
certain size, and then acid etching is used to remove them [34], the
entire process is still wasteful and tedious. And the holes of the mem-
brane made of the mold disappearance method all through. The porous
CCTO-PDMS dielectric elastomer method obtained can fabricate a suffi-
ciently thin membrane to make tiny holes, and the process is simple and
easy to operate. The holes we get can be independent and non-through.
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For pure CCTO-PDMS medium [35], although its relative permittivity is
high, its Young’s modulus is also large, and it is not prone to deforma-
tion. Therefore, its sensitivity is not too high, and due to the characteris-
tics of the elastomer, the force are exponentially related to the
deformation. Therefore, even if it is a large force, the deformation will
not change large, so it will easily reach the detection limit of the sensor.
For sensors using CCTO/PDMS porous membrane [20], the Young’s
modulus of the composite material is reduced due to the addition of
pores, and the deformation under the action of a small force is also large
enough, so the sensitivity of the sensor is improved, and the sensitivity
will change with the number and size of the holes. The addition of pores
also increases the compressibility of the membrane and increases the
detection range of the sensor. The previous method[31,32] of making
porous membranes cannot easily produce thinner and adjustable pore
sizes. Due to the fact that the elastomer is thin, it can be miniaturized
and applied to finer scene measurement, and the method for making the
porous membrane can also be applied to other scenes related to the pro-
duction of composite PDMS porous membranes, giving new inspiration
to the construction of microstructures such as for the fabrication of mag-
netic-based porous materials when the magnetic particles are added
instead of CCTO. Porous elastomers also can be used for sound shielding
purpose due to its porous character and elastic property.

2. Preparation and characterization of porous CCTO-PDMS
membrane

2.1. Preparation of porous CCTO-PDMS membrane

Fig. 1 presents the method for making porous CCTO-PDMS mem-
brane. First, the CCTO particles (Hunan Kelai New Material Co., Ltd.)
are mixed with PDMS gel (Sylgard 184, Dow Corning) and mineral oil
(Sonneborn). The size of the CCTO ranges from 3 to 5µm, while the
weight ratio of the CCTO and PDMS gel is 20%. To prevent floating of
the mineral oil and the uneven distribution of pores during the high tem-
perature curing process, a 10:1.2 weight ration of the silicone elastomer
base and the curing agentis used to accelerate the adhesion of PDMS gel.
The amount of mineral oil is calculated according to the porosity of
10%, 20%, and 30% (the volume of mineral oil is the volume of all
pores), respectively. Mixing and grinding using a high-energy ball mill
(SPEX 8000M Mixer/Mill High-Energy Ball Mill) is done for one hour to
uniform mixing, because it is found that the grinding time will not affect
the pore size and shape. After ball milling, a uniform colloidal dispersion
is obtained, and then a suitable heat setting method chosen for curing at
100∘C depending on the shape and thickness of the desired film. Here,
40 µm thick membranes are made using the doctor blade method; 1 mm
Fig. 1. Schematic diagram of the fabrication process for the porous CCTO-PDMS mem
ball mill. Then, a suitable heat setting process is chosen (doctor blade method or hot p
Finally, the cured membrane is placed into hexane and the mineral oil is extracted from
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thick membranes are made by hot pressing. To ensure sufficient curing,
since it is found that the strength of the elastomer will not change even
if the temperature is maintained at 100∘C after complete curing, the
time for the curing process is kept at 1 h. After full curing, a CCTO-
PDMS composite membrane with a uniform distribution of mineral oil
beads is obtained. In order to obtain a porous structure, the composite
membrane is immersed into hexane; the PDMS becomes swollen in hex-
ane. PDMS is easily dissolved into Hexane due to the closed solubility
parameters, even highly cross-linked PDMS can be swelled by Hexane
with the maximum swell volume ratio around 2.7. And mineral oil is sol-
uble in hexane, the fully swelled PDMS would have a loosely bonded
interconnecting structure, so that the mineral oil can dissolve into the
Hexane and gradually diffuse out by the concentration gradient, there-
fore forming pores in the CCTO-PDMS composite elastomer. Moreso, to
ensure sufficient extraction, the composite membrane is soaked in hex-
ane for 12 h (in fact, the extraction process is not so long); proper heat-
ing also speeds up the extraction process. The membrane from which
the mineral oil has been extracted is collected awaiting volatilization of
the hexane, then the preparation of the porous CCTO-PDMS membrane
is complete.

2.2. Characterization of porous CCTO-PDMS membrane

The porous CCTO-PDMS membranes with different porosities (10%,
20%, and 30%) made are observed with SEM for their pore size and
shape. Some shapes observed by SEM are shown in Fig. 2(a) and (b),
while Fig. 2(a) presents observations for CCTO-PDMS porous membrane
with a porosity of 30%. From observations, the pores in the porous mem-
brane made by the extraction method are uniformly distributed in the
body of the CCTO-PDMS membrane, not only on the surface of the mem-
brane, and the pore sizes range from a few microns to tens of microns.
For porous membranes with 10% (Fig. 2(b)) and 20% porosity, the pore
size is much smaller than 30%, almost below ten microns. Comparing
the cross-section and surface SEM of the porous membranes, it is
observed that, these pores are not standard sphere. The dimension on
the surface is bigger than the dimension on the cross-section, and the
greater the porosity, the more obvious is the section. Therefore, we can
conclude that the larger the porosity, the larger the pore size, and this
size does not increase linearly. However, the size and shape of the pore
has nothing to do with the grinding time with a ball mill, because from
the SEM it is observed that the pore size did not change significantly
with grinding time of 30, 45, or 90 mins. Through the XRD (Fig. 2(b)
illustration) and elemental analysis (Fig. 2(c)) of the CCTO-PDMS
porous membrane, it is found that the CCTO particles are very uniformly
distributed in the PDMS, which shows a uniform dispersion system.
branes: First, CCTO particles, PDMS gel, and mineral oil are evenly mixed using a
ressing method) according to the shape and thickness of the desired membrane.
it, this forms the porous CCTO-PDMS membrane.
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Fig. 2. (a) SEM of a CCTO-PDMS porous membrane with 30% porosity. The
inset is a cross-sectional view of the porous membrane, including the pore size.
(b) SEM of the cross-section of the CCTO-PDMS porous membrane with 10%
porosity. The inset is the XRD of CCTO particles and CCTO-PDMS membrane.
(c) Elemental analysis of the cross section of the CCTO-PDMS porous mem-
brane.
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In order to understand the influence of CCTO particles and micropo-
rous structure on the elastic modulus of PDMS, we used TA, ARES 3 to
perform loop tensile test (Fig. 3(a)) and ultimate tensile test (Fig. 3(b))
similar to the illustration at the bottom of Fig. 3(b). It is observed that
the addition of solid particles increases the Young’s modulus of compos-
ite PDMS membrane, increases the stiffness, and weakens the ductility.
However, the porous structure reduces the stiffness increased due to the
addition of CCTO particles and also increases the ductility. Here, we
build a model of a porous structure membrane and observed the effect
of the porous structure. Although we already have the Gibson-Ashby for-
mula to describe the porous structure, however, this model is a metal
3

porous structure, which does not involve the effects of thermodynamics
and air pressure [36], and it is believed that this model is not very con-
sistent with our actual situation. Therefore, a model closer to our actual
situation is built. Fig. 3(a) shows the schematic diagram of the model.
The pores in the membrane are referred to as balls of radius R (although
in reality our holes are not completely spherical, but all holes can be fit-
ted with multiple balls, so in this case the spherical type is chosen). If
the air pressure in the membrane is P0 and the external atmospheric
pressure is PPDMS; the air pressure under stress in the membrane
becomes P′

0 and the external atmospheric pressure under stress becomes
P; then the Laplace pressure is given as:



Fig. 3. (a) Loop tensile test of different membranes: strain-stress curves. The illustration shows the deformation of a spherical hole after stress. (b) Ultimate tensile test
of different membranes: strain-stress curves. The upper illustration shows the softness of the CCTO-PDMS membrane, and the lower illustration shows the test method.
All samples for tensile test are 10mm (length) × 5 mm (width) × 40 µm (thickness).
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P0 � PPDMS � 2γ
R

�1�

P′
0 � P � PPDMS � 2γa

b2
�2�

where R is the radius of the original sphere, γ is the surface tension of
PDMS, a and b are the major and minor axes of the ellipsoidal hole due
to stress. In order to minimize the overall energy of the bubble, the sur-
face tension energy and gas energy need to be at their lowest:

γΔS � PΔV � 0 �3�
we take ΔV � 0; the volume of spherical bubbles and ellipsoidal bubbles
are the same, 4πR3=3 � 4πab2=3; so we obtain:

b2 � R3

a
: �4�

Combining Eq. (2), ΔV � 0 and P′
0 � P0; we obtain:

P � 2γ
R
�η′2 � 2η′� � P1�η′2 � 2η′� �5�

here, the strain is defined as: η′ � �a � R�=R; P1 � 2γ=R; which means the
difference between the internal and the external pressure in the original
bubble. With the stress P; the total strain of the porous membrane
becomes:

ηtot � �1 � Vair�η � Vairη
′ �6�

hence, the stress P becomes:

P � k
A
ηtot � k

A

�
�1 � Vair�η � Vairη′

�
�7�

here, k is the Young’s modulus of nonporous membrane; A is the strain
magnification of the Vair porous membrane. Combining Eq. (5), we
obtain:

η′ � 1
2P1

�� 2P1 � k
A
Vair

� �

� 2P1 � k
A
Vair

� �2

� 4P1
k
A

�
�1 � Vair�η

�1=2 !
: �8�

The strain magnification A of the Vair porous membrane is given as:

A � Vair

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1�P1 � kη�p � P1�Vair � η � Vairη�

P1η
: �9�
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By applying the constructed model to our actual situation, and using
the experimental result of the loop tensile test of the nonporous CCTO-
PDMS membrane, and the average radius of 10%(4 µm), 20%(5 µm),
and 30% porosity(15 µm), the simulation result shown in Fig. 3(a) repre-
sented with dashed lines is obtained, which fits very well with the actual
tensile loop test.
3. Ultra-sensitive wide-range small capacitive pressure sensor

According to the analysis of the strain-stress curves of different mem-
branes, we believe that although the introduction of CCTO particles into
the PDMS increases the Young’s modulus, the high dielectric coefficient
of the CCTO particles is still coveted as a sensitive capacitive sensor,
thus the porous microstructure is introduced to improve the flexibility
of the CCTO-PDMS membrane, so that it has a greater depression depth
under the same pressing pressure, and increased the amount of capaci-
tance change. Therefore, different CCTO-PDMS membranes (both 1 mm
in thickness) are used as the medium of the membrane capacitors with
the same plate (4.9 cm × 4.9 cm), and then the same force is applied on
the same area (a circle with a diameter of 11.25 mm) and the same posi-
tion of the membrane capacitors. The sensitivity is determined by the
amount of capacitance change. Capacitance change detection circuit is
based on the resonance mechanism and consists of four parts, as shown
in Fig. 4(a). For the RLC resonance circuit, the voltage amplitude Y on
the inductor is given by:

jY j � Ym

1 � wL � 1
wC

� �2
=R2

h i1=2 �10�

where w is the angular frequency set as 130 kHz, Ym denotes the maxi-
mum amplitude of Y; and our input voltage for the detection circuit is
300 mV. When applying the force to the membrane capacitor, due to the
different dielectric coefficients and the different stress and strain of dif-
ferent membranes, the change in the different membrane capacitors
capacitances also vary, C�F� � ε0εrS

d0�d�F� ; and F is the pressing force. The
sensitivity S of the voltage change caused by the membrane capacitance
change in this circuit is defined as:

S � Y�C �ΔC� � Y�C�
Y�C� : �11�

Fig. 4 (b) show the different voltage amplitudes output by different
membrane capacitors and the real-time measurement is done by the



Fig. 4. (a) Experimental setup: an AC waveform generator that can output waveform with adjustable amplitude and frequency; an RLC resonance circuit where the
capacitor C comes from the membrane capacitance; an amplifier and an AC � DC converter that output voltage corresponding with the variable membrane capaci-
tance. (b) The voltage change of different membrane capacitances under different pressing forces. The illustrations are images of different membranes.
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oscilloscope. In the video in the supplementary material, the real-time
rapid voltage change due to the force can also been seen. According to
the result in Fig. 4(b), the non-porous CCTO-PDMS membrane doubles
the sensitivity of the PDMS membrane. And the sensitivity of the 10%
porous CCTO-PDMS membrane and the 20% porous CCTO-PDMS mem-
brane seemed similar to the non-porous CCTO-PDMS membrane
(although the more the holes, the smaller the rigidity, but it also reduces
the dielectric coefficient of the composite material, and in this case, the
changes of the rigidity and the dielectric coefficient just cancel each
other), however, the non-porous CCTO-PDMS membrane reaches the
range when the force is 75g; and according to Fig. 3(b), more holes and
5

larger holes will effectively increase the range due to the increase in duc-
tility and the decrease in rigidity. Therefore, the sensitivity of the 30%
porous CCTO-PDMS membrane is twice that of the PDMS membrane
and 0.5 times that of the non-porous CCTO-PDMS membrane, and the
effective range is also greatly improved. According to the determining
formula of the capacitance, the membrane capacitance is determined by
the dielectric coefficient, the area of the plate and the thickness of the
membrane. According to the definition of sensitivity, Eq. (11), the
greater the ΔC; the better the sensitivity of the membrane capacitor
(Fig. 5(a)). In the initial situation, all membrane capacitors only have
different dielectric coefficients. The more the pores, the more the air is



Fig. 5. (a) The relationship between voltage sensitivity and ΔC under the same applied force. (b) The relationship between depression depth and ΔC. (c) The relationship
between relative permittivity andΔC under the same depression depths. (d) The relationship between the force on different membranes and the depth of depression.
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connected in parallel with CCTO-PDMS, and the relative permittivity
will decrease. Then through the determining formula of the capacitance,
we found that the larger the relative dielectric coefficient, the larger the
ΔC (as shown in Fig. 5(c)), which increase the sensitivity of the sensor.
However, with the application of the same force, different membranes
have different depression depths with different proportions of materials
(as shown in Fig. 5(d)), and the larger the d; the larger the ΔC (as shown
in Fig. 5(b)). Therefore, the dielectric coefficient of the CCTO membrane
is greater than that of PDMS and the capacitance properties of the CCTO
membrane are better than those of PDMS. The porous CCTO membrane
contain pores, and the larger the pore size, the smaller the dielectric
coefficient, but the pore size also cause greater pressing depth. When
the pore size reaches a certain level, it can offset the disadvantage of low
dielectric coefficient, also when the pore size is large, it can show better
sensitivity than the high dielectric coefficient membranes. Because of
the porous structure, the depth that can be pressed is greater, and the
measuring force range is increased accordingly.

4. Conclusion

In summary, the porous CCTO-PDMS membrane can act as an ultra-
sensitive wide-range small capacitive pressure sensor, and a porous
structure with certain porosity can compensate for the decrease in
6

relative permittivity. The extraction method for preparing porous CCTO-
PDMS membrane leads to the preparation of a porous microstructure.
The entire preparation process is simple and provides a new idea for
other composite PDMS porous films.
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