
 
 

  

Abstract—A possibility for capacitive sensor system for 
measuring the surface Laplacian electromyogram (Laplacian 
EMG) was studied under conditions whereby a thin cloth was 
inserted between the electrodes and the skin of the subject.  The 
system was designed based on a tri-polar concentric electrode 
unit and on a principle of the capacitive electrode involving the 
conductive electrodes, the cloth, and the skin. A pilot sensor and 
detecting circuit using this design were assembled and evaluated 
to explore the feasibility of this approach. The experimental 
results showed that the Laplacian EMG obtained in this way 
was comparable and synchronized with the surface EMG 
obtained using traditional bipolar electrodes, although its S/N 
was reduced. Though there are still a lot of challenges to be 
addressed to achieve practical performances, it seems promising 
for use in human-machine interfaces because the proposed 
approach eliminates discomfort due to conventional 
electrode-to-skin coupling. 

I. INTRODUCTION 
INCE the late 1970s myoelectric potential (or 
electromyogram: EMG) has been studied and used for 
biosignal-based mechatronics interfaces such as artificial 

limb prostheses [1]–[4], robot hands [5], and manipulators 
[6]. Recently, the EMG has opened up new possibilities for 
other human-computer interfaces in the fields of 
augmentative and alternative communication [7]–[10] and 
environmental control [11]. The EMG contains information 
on muscle recruitment, timing pattern, and force. Moreover, 
as users become proficient in the operation of these 
interfaces, the EMG used for them adapts its waveform to the 
degree of proficiency. Therefore, the EMG is useful as an 
input signal for Human Adaptive Mechatronics [12]. 

In conventional surface EMG (sEMG) measurements, an 
electrolytic paste or a conductive adhesive is almost always 
required for maintaining reliable ohmic contact with the skin. 
Therefore, long-term sEMG measurement using conventional 
methods causes irritation and discomfort, and is a potential 
cause of skin allergy and inflammation. These are 
considerably disadvantageous for the use of sEMG in 
interfaces, because practical interfaces must be as 
noninvasive and nonintrusive as possible to gain broad 
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acceptance from ordinary users. 
To overcome these disadvantages, we have focused on the 

principle of capacitive sensing, which allows detection of 
alternating electrical potential through an inserted thin 
insulator, and have applied it to the measurement of 
Laplacian EMG through commonly available cloth. In order 
to explore the feasibility and applicability of this concept, we 
have assembled and evaluated a pilot system based on this 
approach. 

II. CAPACITIVE SENSING 
Capacitive sensing is based on the principle of the 

capacitive (or insulated) electrode, which is an electrode 
requiring no electrolytic paste or conductive adhesive. A 
conductive electrode is capacitively coupled with the skin 
through an insulator, as shown in figure 1. The electrode can 
carry an alternating bioelectrical current equivalently through 
the capacitance of the coupling. In previous studies, various 
insulators, such as anodized aluminum [13], [14], silicon 
dioxide [15], [16], pyre varnish [17], anodic insulated 
tantalum oxide [18], and barium titanate [19] have been tested, 
because these materials exhibit high permittivity. In the 
present study, commonly available cloth, such as woven 
cotton, was substituted for these rigid insulators to relieve the 
irritation, allergy and discomfort experienced with 
conventional skin-to-electrode coupling. Also a sheet of 
conductive fabric was substituted for the conventional metal 
electrode so that it could deform and allow closer adhesion to 
the contour of the coupled region. In addition, capacitive 
sensing is facilitated by an impedance transforming circuit to 
match the high impedance of the coupling to the low 
impedance required by the subsequent circuitry. A FET 
source follower has been used as an impedance transforming 
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Fig. 1.  A schematic model of the capacitive electrode coupled to the skin 
with the inserted cloth and its equivalent circuit. 
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circuit and mounted actively in an electrode housing [16], 
[17] for reducing common mode interference caused by 
power lines. In the present study, an instrumentation 
amplifier having high input impedance (1000TΩ according to 
the specification sheet) was employed to match the greater 
impedance of the coupling due to the smaller dielectric 
constant of the inserted cloth in comparison with the 
conventional insulators. The impedance transforming circuit 
was not mounted in the electrode housing so that hard contact 
with the skin was avoided. 

III. THEORETICAL BASIS OF BODY SURFACE LAPLACIAN 
Considering a local orthogonal coordinate system (x, y, z) 

with origin at a point on the body surface where the z axis is 
orthogonal to the body surface, the Laplacian EMG, LS, is 
defined by applying a Laplacian operator to the body surface 
potential φ as follows: 

z
J

yx
L z

xyS ∂
∂







−=











∂
∂+

∂
∂−≡−∇=

σ
φφφ 1
2

2

2

2
2 .                (1) 

Thus the Laplacian EMG signal is negatively proportional 
to the normal derivative of the normal component of the 
current density at the body surface. Therefore, Laplacian 
EMG is supposed to be sensitive to the firing of the muscle 
right under the site at the measurement. Accordingly, the 
signal is potentially useful as an input for human interfaces, 
because it is less susceptible to the interferences caused by the 
activity of approximal muscles than the EMG signal 
conventionally obtained with single differential electrode 
configuration. 

IV. MATERIALS AND METHODS 

A. Tri-polar Concentric Ring Electrode 
The surface Laplacian EMG signal was picked up using 

tri-polar concentric ring electrode made of conductive fabric 
with conductive acrylic adhesive (3M, 2191FR), as shown in 
Fig.2. The area of two rings and the center disk was set to 
10cm2, respectively. The electrode was stuck to an insulating 
support made of flexible chloroethylene, and a convex 

connector (5φ) was inserted between the support and each 
ring or the center disk. The skin-cloth-electrode coupling was 
held by a stretch rubber band. The two lead electrodes were 
connected to a measuring device, to be described in the next 
section, by shielded wires. 

B.  Signal Detection 
The detecting circuit with filters and amplifiers was 

assembled using off-the-shelf components. The circuit 
consists of an instrumentation amplifier, a Butterworth 
high-pass filter, three notch filters, a Butterworth low-pass 
filter and two inverting amplifiers. Fig. 2 shows a block 
diagram of the circuit. The instrumentation amplifier was 
employed not only as a differential amplifier but also as the 
impedance transforming circuit. The circuit constants in the 
high-pass filter and the low-pass filter were set to obtain a 
cutoff frequency of 5 and 1000 Hz, respectively. Three notch 
filters were used to reduce 50, 100, and 200 Hz interference. 
The guard ring technique was employed in the lead wires 
between the instrumentation amplifier and the electrodes so 
as to reduce the interference. 

C.  Measurement of Frequency Response of the Sensor 

A dedicated experimental setup was used to measure the 
frequency responses of the developed sensing system. Three 
measuring electrodes having an identical rectangle figure and 
an area of 10 cm2 were placed on an insulating support and 
covered with a cotton sheet 350 µm thick. Then, three 
synthetic skins made of a rectangle piece of the conductive 
fabric having the same figure and area as the measuring 
electrode were attached to the cloth at locations just above 
each of the measuring electrodes, so that the whole area of 
each measuring electrode was involved in the capacitive 
coupling with each synthetic skin. Using a weight, the 
electrodes, the cloth and the synthetic skins were subjected to 
a pressure of 424 Pa, mimicking a pressure less than the mean 
pressure which was exerted by the rubber band for electrode 
fixation. Sinusoidal waves from 0.5 to 5000 Hz were input 
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Fig. 2. Configuration of the concentric ring electrode for Laplacian derivation and block diagram of the detecting circuit. 
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from an oscillator to the synthetic skins, and then the outputs 
from the system were measured. A frequency response 
without any cloth inserted was also measured from 0.5 to 
5000 Hz. The data were digitized at 10 kHz sampling rate by 
a 16-bit A/D converter and stored in a personal computer 
using a data acquisition system (Biopac Systems, MP-150 
system). 

D. Simultaneous Measurement with a Commercially 
Produced Electromyograph 

One male volunteer aged 21 was instructed to sit down on a 
chair. The surface of the left thigh of the subject was covered 
with a cotton cloth 350 µm thick without any preparation. 
The tri-polar concentric ring electrode was held on the left 
rectus femoris muscle over the cloth using the rubber band. A 
Laplacian EMG signal was recorded using the developed 
system from the site, while the subject repeated isometric 
contraction and relaxation of the muscles. As a reference 
signal, a directly measured surface EMG (sEMG) signal was 
wirelessly recorded using a commercially produced 
bioamplifier (Teac Instruments, BA1104M) and a telemeter 
unit (Teac Instruments, TU-4). Two disposable electrodes 
(Nihon Kohden, Vitrode F-150M) were attached directly to 
the skin at both sides of the electrode along with the muscle 
fibers. A body earth electrode for the conventional 
measurement was placed the left knee. The output signal 
from the developed system and the reference signal were 
simultaneously digitized at 10 kHz sampling rate by the 
16-bit A/D converter and stored in the personal computer.  

V. RESULTS AND DISCUSSION 

A. Frequency Response of the Device 
 The frequency-gain response without any inserted cloth 

(labeled “Direct”) showed flat gains of about 66 dB within the 
frequency range 5 to 1000 Hz with exceptions at 50, 100, and 
200 Hz, as designed (Fig.3). Because these characteristics are 
comparable with those required for the conventional 
electromyograph in the specific standard, the developed 
device can be utilized to measure the ordinary 
electromyogram, when the electrode unit is attached directly 
to the skin. Furthermore, the frequency-gain response with 
the 350-µm cloth inserted (labeled “With cloth”) had almost 
flat gains around 64 dB within the frequency range 0.4 to 
1200 Hz. Therefore, the developed device can detect EMG, 
even when the cloth is inserted between the electrode unit and 
the skin. 

B. Simultaneous Measurement with a Conventional Device 
Fig.4 shows typical recordings obtained from the rectus 

femoris muscle. The output signal of the developed system 
showed firings synchronized with the reference sEMG. 
Although the waveforms were not completely identical 

because the configurations of the electrode and detection sites 
were different, Laplacian EMG was successfully detected 
from the site even with the cloth inserted. Greater noise was 
probably due to the higher input impedance of the developed 
system. Therefore, improvement of S/N remains to be 
investigated in a further study. 

VI. CONCLUSION 
We have studied a possibility of capacitive sensor system 

for obtaining the suraface Laplacian EMG under conditions 
whereby a thin cloth is inserted between the electrodes and 
the skin. We fabricated a pilot sensor and detecting circuit, 
and validated the system. Examination of the system yielded 
the following results. 

1) Frequency-gain responses indicated that the system was 
sufficiently capable of detecting Laplacian EMG not 
only when the electrode unit was attached directly to the 
skin, but also when a 350-µm cotton cloth was inserted 
between the electrode and the skin. 

2) Despite the fact that when the cloth was inserted the S/N 
of the detected signal worse than that of conventional 
devices, this method was able to yield a clearly visible 
Laplacian EMG from the rectus femoris muscle even 
with the cloth inserted. 

Since the proposed method eliminates discomfort due to 
conventional skin-to-electrode coupling, the proposed 
method appears worth addressing twords practical 
application. 

VII. CHALLENGES FOR THE FUTURE 
 At this time, the following challenges remain to be addressed 
for the future. 
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Fig. 3.  Frequency responses of the gain measured directly from the 
measuring electrode (labeled “direct”), and with the 350-µm cloth inserted 
(labeled “with cloth”). The black and grey dotted lines indicate -3 dB from 
the maximum gain in each condition. The gains at 50, 100, and 150 Hz were 
sharply attenuated because notch filters were used in the device. The room 
temperature was 22 °C and the relative humidity was 38% during the
measurement. 
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1) Downsizing of the electrode unit 
2) Improvement of S/N without any notch filters 
3) Enhancement of motion artifact robustness 
4) Combination with wireless module 
5) Refinement of fixation manner 
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Fig. 4.  Simultaneous recordings from rectus femoris muscle using the developed device with a cotton sheet 350 µm thick (top) and using a conventional 
electromyograph without any cloth (bottom). 
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