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Observation and analysis of percolation behavior in carbon
microcoils/silicone-rubber composite sheets
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The electrical properties of carbon microcoils �CMCs�/ silicone-rubber composites were studied on
the changes in the values of the electrical parameters �impedance, phase angle, resistance, and
capacitance� as a function of the CMC content in the matrix, using an impedance analyzer in the
frequency range from 40 to 200 kHz. Percolation paths were observed at a 3 wt % CMC content in
the matrix. The properties of the composites were separated at the percolation threshold. The
capacitance with a small value was dominant at CMC content less than 3 wt %, and the resistance
was dominant at CMC content higher than 3 wt %. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2206701�
The composites of the conducting materials in an insu-
lating host have been widely studied because of their impor-
tance in both the basic and applied sciences.1 The electrical
and thermal conductivities of the silicone-rubber used as a
host with the addition of carbon nanotubes �CNTs� dramati-
cally change depending on the concentrations and the
silicone-rubber matrix.2–4 Moreover, the CNT/silicone-
rubber composites have attracted considerable attention due
to their reinforcing properties.5–9 The outstanding physical
properties of the CNTs/silicone-rubber composite materials
including these designed for structural applications are
widely available for utilization in various fields such as ther-
mal, mechanical, surface, and multifunctional properties.

Recently, it was determined that carbon microcoils
�CMCs� related to the carbon family embedded in a silicone-
rubber have the ability of tactile sensing based on the
changes in the electrical parameters such as the resistance R,
capacitance C, and inductance L while applying a load onto
the sensor and can detect weak contact forces.10,11 The CMC
tactile sensor �consisting of CMCs and silicone-rubber com-
posites� has shown a promise for device applications. CMCs
with a coil diameter of about 10–30 �m and a length of
10 �m–1 mm depending on the preparation conditions are a
three-dimensional �3D�-helical-spiral structure similar for a
double-helix DNA and Meissner’s corpuscle in the human
skin. The conductivity of a CMC is about 1�104 �−1 cm−1

at room temperature determined by a four-terminal resistance
measurement,12 and the CMC consists of amorphous and
crystalline CvC sp2 bonding structures. The CMC/silicone-
rubber composites show unique tactile sensing properties;
however, we do not know why CMC tactile sensors have
different values of the electrical signals by changing the sen-
sor sizes and CMC contents in the matrix and produce a few
weak electrical signals. In this letter, we focused on the im-
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pedance Z, phase angle �, resistance R, and capacitance C of
the CMC/silicone-rubber composites without an applied load
in order to investigate the electrical properties within the
micro-order domains depending on the CMC content in the
matrix using the same size sheets analyzed by an impedance
analyzer.

The CMCs were synthesized by the thermal chemical
vapor deposition �CVD� method at the temperature of
770 °C catalyzed by Ni powder, which was placed on a
graphite substrate placed within a vertical quartz tube.13 The
CMCs with a diameter of about 20 �m and a coil length of
90–150 �m were used in this study, which produced as-
grown CMCs with a diameter of 1 �m as shown in Fig. 1�b�.
The silicone-rubber �KE-103� was supplied by Shin-Etsu
Chemical Co., Ltd., as a host matrix due to its good softness
and elasticity. When the CMCs were blended with a silicone-
rubber resin, small bubbles appeared in the CMCs/silicone-
rubber composites. The bubbles were removed by a 30 min
application, before the mixture was hardened to form the
composite sheets. The CMC sensor elements had the size of
10�10�3 mm3 and they were prepared with the different
CMC contents of 0, 1, 2, 3, 4, 5, 7 and 10 wt % in the matrix.
Thin sensor sheets with a thickness of about 100 �m were
cut from the sensor element and observed using an optical
microscope �OLYMPUS, BX51�. Figure 1�a� shows a micro-

FIG. 1. �a� Optical microscopic image of CMCs/silicone-rubber composite.

�b� SEM image of as-grown CMCs, showing the coils used with no gap.
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scopic photograph of these thin sensor sheets �CMCs
2 wt %� embedded in the silicone-rubber. The light was irra-
diated from the back side, and all of the microstructure
through the entire thickness of the sheet was observed. Small
carbon micro-nanofibers with short lengths were also ob-
served. Figure 1�b� shows the representative as-grown CMCs
obtained by scanning electron microscopy �Topcon, ABT-
150F�.

In order to measure the electrical parameters such as
impedance Z and the phase angle � of the CMC/silicone-
rubber composite sensor elements, an impedance analyzer
�Agilent Technology, 4294A� was used in the frequency
range from 40 to 200 kHz with the voltage of 0.5 V. The
sample was placed on two electrodes whose length, width,
and separation were 10, 3, and 2 mm, respectively. Imped-
ance vector consists of a real part �resistance R� and an
imaginary part �reactance X�. Therefore, the impedance Z
and phase angle � can be expressed as follows:

Z = R + jX, � = tan−1�X

R
� . �1�

The above parameters were used to discuss the electrical
properties of the CMCs/silicone-rubber composites.

Figure 2 shows the dependence of the impedance Z on
frequency as a function of the CMC content. The spectra
with the CMC contents from 0 to 2 wt % are almost the
same and decrease from 108 to 5�105 � as the frequency
increases from 40 to 200 kHz, indicating a strong depen-
dence on frequency. However, the impedance Z suddenly
decreased at 3 wt% as compared to the content of 0–2 wt %
and gradually decreased with the increasing CMC content,
showing almost no dependence on frequency over the entire
range �horizontal spectra�. The dependences of the phase
angle � on frequency as a function of the CMC content are
shown in Fig. 3. For the CMC contents of 1–2 wt %, the
values of the phase angle are nearly −90°, indicating that the
capacitive property is similar to the pure silicone-rubber over
the entire frequency range. Having the same tendency in Fig.
2, the phase angle suddenly changed from 0° to −70° at the
CMC content of 3 wt % as the frequency ranged from
40 to 200 kHz and becomes nearly flat �0°� with the increas-
ing CMC content, showing a direct link between the imped-
ance Z and phase angle �. The phase angle is almost 0° at the

FIG. 2. The dependence of impedance Z on frequency as a function of the
CMC content for the CMC/silicone-rubber composite sheets.
CMC content above 3 wt % which means that the CMC/
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silicone-rubber composites consist of a large resistance R
and a small reactance X.

The dependences of Z and the phase angle � on CMC
contents at the selected frequency of 200 kHz obtained from
Figs. 2 and 3 are shown in Fig. 4. Z was almost constant up
to 2 wt % but suddenly decreased at 3 wt %, while � was
also almost the same below 2 wt % but dramatically in-
creased at 3 wt %. These results indicated that the CMCs
started percolation paths in the micro-order domains at the
CMC content of 3 wt %, and the electrical properties of the
CMC/silicone-rubber composites are separated at 3 wt %.
The changes in the low CMC concentrations ��3% � show
no significant influence on the electrical properties, which
are deduced to seldom pass electrons through the matrix.
Furthermore, Z and � were saturated above 4 wt % with the
values of 103–104 � and 0°, respectively. According to the
phase angle � the CMC/silicone-rubber composites would
consist of two components, the resistance R and capacitance
C because � is between −90° and 0°. The inductance L com-
ponent produced from the CMCs is negligible in this study
because the current pass as through the cylinder along the
coil pitches12 due to these types of CMCs with no gap as
shown in Fig. 1. Besides, the CMC/silicone-rubber compos-
ites are better for use in a parallel connection with the com-
ponents of Rp and Cp simulated by an equivalent circuit in
the frequency range from 40 to 200 kHz, as compared with
the serial connection �will be presented in another paper�. In
this case 1/Z=1/ �R+ jX�=Y =G+ jB, where Y represents the

FIG. 3. The dependence of the phase angle � on frequency as a function of
the CMC content for the CMC/silicone-rubber composite sheets.

FIG. 4. The dependence of the impedance Z and phase angle � on the CMC

content at the selected frequency of 200 kHz obtained from Figs. 2 and 3.
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admittance, G the conductance, and B the susceptance.
Therefore, the capacitance Cp is determined from B
=2�fCp, where f is the frequency.

Figure 5 shows the dependence of the resistance Rp and
capacitance Cp on the CMC content at the selected frequency
of 200 kHz. Rp increased with the increasing CMC content
up to 3 wt % with the percolation threshold value and then
decreased with increasing CMC content. However, C in-
creased with the increasing CMC content over the entire
range. The CMCs/silicone-rubber composites below the per-
colation threshold have properties similar to pure silicone-
rubber, showing that the capacitance C is very small, which
indicates that �X�=1/B=1/2�fC is extremely high as com-
pared to the resistance R ��X�� �R� as shown in Eq. �1��. Thus
the phase angle is −90°. Almost all the CMCs do not touch
each other due to the increase in the CMC numbers below
the percolation threshold. To start the percolation paths at
3 wt %, the CMCs touch each other in the micro-order do-
mains; therefore, R decreased with the increasing CMC con-
tent. Some CMCs without toughing each other can produce a
capacity in the silicone-rubber matrix due to the closed
CMCs with the increasing CMC content. The increased ca-
pacitance C means that �X�=1/B=1/2�fC significantly de-

FIG. 5. The dependence of the resistance Rp and capacitance Cp on the
CMC content at the selected frequency of 200 kHz. Rp and Cp were calcu-
lated from R=1/G and B=2�fCp, respectively.
Downloaded 11 Jun 2006 to 210.172.197.90. Redistribution subject to
creased with the increasing CMC content. Thus the phase
angle shows 0° ��X�� �R� as shown in Eq. �1��.

In conclusion, we reported the electrical properties of the
micro-order domains in the CMCs/silicone-rubber composite
sheets due to the changes in the values of the electrical pa-
rameters �impedance Z, phase angle �, resistance R and ca-
pacitance C� as a function of the CMC content in the matrix.
Percolation paths were observed at a 3 wt % CMC content.
The CMCs/silicone-rubber composites indicated that the
dominant capacitive �low capacitance C indicated extremely
high �X�=1/2�fC� �R�, showing the value of −90°� and re-
sistive properties �high C indicated low �X�=1/2�fC� �R�,
showing the value of 0°� were separated at the percolation
threshold. Although R decreased above the percolation
threshold by touching some CMCs, the capacitance C in-
creases due to the increasing capacity in the silicone-rubber
matrix by the closed CMCs touching each other.
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