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Abstract - In this paper, a concentric cylinder model of
the upper arm is used in order to perform a stationary and
low-frequency analysis of the electrical field distribution on
the capacitive surface electromyography (sEMG) electrode.
The four-layered capacitive electrode is implemented, along
with the preprocessing printed circuit. The goal of this
research is to explore the quality of capacitive coupling
between the electrode and skin covered with fabric, as well
as the behavior of the implemented electronics, and to
appraise the utility of simulation methods. For this purpose,
the finite element method within the CST Studio Suite®
software is used. The results have confirmed the purpose of
implemented electronic components, as well as shown that
the proximity of the electrode and thinner fabric layer with
greater dielectric permittivity are expected to create
stronger capacitive coupling.
Keywords - surface electromyography; EMG; capacitive
electrode; finite element method; CST Studio Suite

I.

INTRODUCTION

In the previous paper [1], a concentric cylinder model
of the upper arm was proposed in order to allow the
stationary analysis of the electrical field distribution on
the homogenous copper electrode. The obtained results
showed correspondence between the fabric thickness and
electrical permittivity, as well as the electrode height and
radius on one side, and the amount of captured voltage on
the other.

II.

MODEL IMPLEMENTATION

The model is designed in CST Studio Suite® 2021
software. The finite element method (FEM) within the
Frequency Domain Solver is used to simulate the
electrical conditions on the electrode-fabric interface, as
well as the time response when the system is excited with
a muscle action potential signal. Since the typical content
of raw sEMG signal ranges between 6 Hz and 500 Hz [3],
frequencies above 4 kHz are not considered.
Cylindric upper arm approximation and the materials
are modelled according to [1]. The electrode is
implemented as a four-layered cylinder, with dimensions
taken from [4]. The electrode structure (Fig. 1), as well as
the preprocessing circuit, are taken from [5]. The copper
detection surface is implemented on the bottom layer,
whereas the preprocessing circuit with LMP7721
amplifier is implemented on the top layer. Furthermore,
the upper internal layer consists of a ground plane.
Additionally, as seen in Fig. 1, the structure is surrounded
by a guard ring and plated through holes in order to
increase immunity against environmental noise and to
compensate for parasitic capacitance effects [5].

In this paper, that model is further developed. The
four-layered electrode is implemented, along with the
preprocessing printed circuit. The goal of this research is
to explore the quality of capacitive coupling between the
electrode and skin covered with fabric, as well as the
behavior of the implemented electronics, by using the
low-frequency analysis. For this purpose, the finite
element method within the CST Studio Suite® software
[2] is used.
In section II., the development of the model is shown.
Next, section III. surveys the obtained results, which are
finally discussed in section IV.
Figure 1. Side (a) and bottom (b) view of the four-layered
electrode structure, [5].
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Two designs of preprocessing circuit from [5] are
implemented in Altium Designer® and imported into CST
Studio Suite®. The first one, a low-impedance
current-to-voltage amplifier (trans-impedance) (Fig. 2a) is
used to explore the influence of components and the
geometry. The second one, high impedance bootstrapped
circuitry (Fig. 2b), is then used for comparison with the
first design.

Figure 4. Approximation of the muscle action
potential.

With initial values of electric field potential set to 0
and air used as background material, the 3D geometry
solver conducts the broadband sweep across the chosen
frequency range and calculates the s-parameters of the
model. These parameters are then used in the Transient
task to excite the geometry with the action potential. The
resulting signal at the output of the amplifier is obtained
via a voltage probe.
III.

Figure 2. Schematic of the trans-impedance (a) and
bootstrapped circuitry (b), [5].

In order to simulate the behavior of the circuitry
through the use of Electromagnetic/Circuit Co-Simulation,
Schematic tool is used, along with the SPICE model [6] of
the LMP7721 amplifier (Fig. 3). 3D geometry High
Frequency solver and Transient task are connected via
discrete ports.

RESULTS

Default parameter values are 7.5 mm electrode radius
[5], 0.25 mm fabric thickness, 1.5 fabric dielectric
permittivity, and 0.5 mm electrode distance from fabric.
Default component values are taken from [5], while the
DC voltage source VCC is kept at 5 V.
Firstly, variation of trans-impedance components is
used to explore the impact on the amplifier output. The
dependence of amplifier output voltage on the capacity of
the C1 capacitor (Fig. 5), resistance R4 (Fig. 6), resistance
of Req T-network (Fig. 7), and voltage source VCC (Fig. 8)
is explored. Signals on Fig. 5, 6, and 7 are extracted from
CST®, whereas the rest of the measured signals are, for
easier comparison, displayed without DC level using
Matlab® function detrend.

Figure 3. Trans-impedance circuitry designed in
Schematic tool.

To approximate the action potential spreading from
the neuromuscular junction, positioned at the middle of
the muscle, to muscle endings, a copper cylinder with a
0.5 mm radius is placed along the upper side of the bone
surface and excited with exponential rising and falling
signal (Fig. 4). In order to ensure steady-state, excitation
begins 1 s after the simulation start.
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Figure 5. Dependence of trans-impedance amplifier
output voltage on the capacity of C1 in pF in the first
15 ms (upper) and in the excited-state (lower).
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Secondly, the impact of the geometry is considered
Results are obtained for different detection disc radii
(Fig. 9), fabric dielectric permittivity (Fig. 10), fabric
thickness (Fig. 11), and distance between the electrode
and fabric (Fig. 12).

Figure 6. Dependence of trans-impedance amplifier
output voltage on the resistance of R4 in Ω in the first
15 ms (upper) and in the excited-state (lower).
Figure 9. Output voltage of the trans-impedance amplifier in
case of 1 mm, 7.5 mm, 9 mm, and 10.5 mm electrode radius
(C1=1.5 pF).

Figure 10. Output voltage of the trans-impedance amplifier in case
of 1.2 and 1.5 fabric dielectric permittivity (C1=1.5 pF).

Figure 7. Input current and output voltage of the
trans-impedance amplifier in case of R1=R2=5 GΩ and
R3=22 MΩ (a and b), and in case of R1=R2=20 GΩ and
R3=1 MΩ (a and c) (C1=2 pF).

Figure 8. Output voltage of the trans-impedance
amplifier in case of VCC=3.3 V, 5 V, and 12 V.

MIPRO 2022/DS-BE

Figure 11. Output voltage of the trans-impedance amplifier in case
of 0.25 mm, 0.58 mm, and 0.75 mm fabric thickness (C1=1,5 pF).

Figure 12. Output voltage of the trans-impedance amplifier in
case of 0.5 mm and 1 mm distance between the electrode and
fabric layer.
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Lastly, two designs proposed in [5] are compared in
Fig. 13.

electrostatics [1], the behavior is not regular when the low
frequency domain is concerned. On the contrary (Fig. 9),
the change in electrode radius could cause the signal to
deteriorate, both for smaller radii, that weaken the
capacitive coupling decreasing the electrode surface A
according to (1), where ε is the dielectric permittivity of
air between the fabric and the electrode, and d distance
between the electrode and fabric:
C = A / d

()

and for greater electrode radii when the detection disc
approaches the guard ring, increasing the effect of
crosstalk (Fig. 14).

Figure 13. Output voltage of the trans-impedance and
bootstrapped amplifier (upper), and input current of the
bootstrapped amplifier (lower).

IV.

DISCUSSION

Observing the acquired results in the previous figures,
the smoothness of the originally high frequency peak in
the output indicates the lowpass filtering effect of the
tissue [7]. Furthermore, since the circuitry implements a
second-order system, there are three main parameters, on
which the impact of component values, fabric dielectric
permittivity, and geometry can be seen: settling time, DC
level, and sensitivity.
As shown in Fig. 5, the capacitor affects not only the
settling time but also the sensitivity within the order of
μV. The smaller capacitance decreases settling time, thus
even the gap between the two pads can be used as a
capacitor to ensure proper stability of the circuit [5].
Acting as the coupler between the amplifier output and
the guard ring, resistance R4 affects mainly the settling
time. The value of 100 Ω, proposed in [5], offers the
shortest settling time (Fig. 6).
On the other hand, the feedback T-network Req is used
to amplify the input current via inverting configuration
(Fig. 7). However, increasing the Req from 1 TΩ to
approximately 400 TΩ does not offer an increase in
sensitivity greater than the one provided by the increase in
capacitance, since the higher resistance lowers the input
current (Fig. 7 b and c). Also, with the increase in
T-networks resistance, the question of resistor tolerance
and quality arises.
When the change in the input DC voltage VCC is
considered, in Fig. 8 it is shown that its value is mostly
related to the DC level. Although it can be removed, e.g
with an instrumentation amplifier when two electrodes are
used, it still affects the power dissipation.
Although the greater electrode radius is in general
expected to create stronger capacitive coupling in terms of
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Figure 14. Behavior of capacity C between two straight copper
tracks on the same side of the printed circuit board. It can be seen
that the decrease in distance d between the tracks increases the
capacity C, thus increasing the effect of crosstalk. εr is the relative
dielectric permittivity of board material, [8].

A similar conclusion can be drawn from Fig. 10.
Although greater fabric dielectric permittivity produces
stronger capacitive coupling [1] and hence positively
affects sensitivity, it also causes the signal to deteriorate
more in the terms of response delay. Likewise, Fig. 11 and
12 suggest that the frequency spectrum of the signal will
be more conserved when the thinner fabric layer is used
and when the distance between the electrode and fabric is
smaller. This behavior can be approximated with the
cylinder capacitor formula (2), where r1 is the radius of
the inner cylinder bone-muscle-fat-skin with the dielectric
permittivity ε1, rfab annular radius of the fabric cylinder in
the middle with the dielectric permittivity εfab, and D
distance between the electrode and fabric, whereas ε0 is
the vacuum dielectric constant and L the length of the
upper arm [9]:

()
The relative dielectric permittivity of the upper arm, ε1, is
at least 1000 times greater than εfab.
As suggested in [5], when comparing two designs in
Fig. 13, it can be seen that the current-to-voltage design
gives approximately 5 times greater gain. Also, unlike the
current-to-voltage design (Fig. 7), the bootstrappped
design does not invert phase (Fig. 13c). Moreover, the
bootstrapped design contains two 50 GΩ resistors, hence
the problem of tolerance may occur in the physical
implementation. Due to the longer settling time of the
bootstrapped design, the system is excited 3 s after the
simulation start. The longer settling time is also the cause
of higher DC level.
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The main computational limitations of the model are
mesh limits, defined by the educational license.
Additionally, similar to [1], due to model geometrical
limitations, the necessity of placing the electrode at least a
fraction of a millimeter above the fabric surface (in this
case 0.5 mm) is still present. Nevertheless, compared to
the COMSOL Multiphysics® 5.4 software used in [1],
achieved solver accuracy is increased 1000 times, whereas
the computation time is less than half an hour on average.
Once the s-parameters are computed, the transient task is
computed within a few seconds. In the case of transient
task instability, input capacitance was slightly changed for
a few 0.1 pF to control the simulation. Such a comparison
suggests that the CST Further mesh improvement would
offer more accurate results, as well as offer an insight into
the connection between the mesh accuracy and DC level
of the signal.
In this paper, external conditions and imperfection of
physical implementation are not considered. However,
within the Schematic tool, it is also possible to include
parasitic circuit elements and package type or to use
sources with internal impedances. With the use of
monitors and Combine Results options, the influence of
the transient task could also be seen within a 3D model in
terms of surface currents and electric field. Apart from the
changes in dimensions and printed circuit board design,
the flexibility of the model also offers the possibility of
changing the bone and electrode position or the material
properties.
V.

CONCLUSION

In this paper, a concentric cylinder model of the upper
arm is used to explore the influence of the geometry and
preprocessing circuit components on the quality of the
action potential signal, detected with a four-layered sEMG
electrode. For this purpose, Electromagnetic/Circuit
Co-Simulation within CST Studio Suite® software is
used.
Two different designs of the preprocessing circuit are
implemented and compared. It has been shown that the
current-to-voltage design can acquire the action potential
signal with greater gain than the bootstrapped design.
With the use of the Transient task within the Schematic
tool, the function of certain circuit components is
reexamined and confirmed. The main limitation of the
model is the mesh quality, which affects the accuracy,
stability of the circuit simulation, as well as the DC levels
of the signal.
Based on the obtained results, a thinner cotton layer
with dielectric permittivity values of around 1.5, a smaller
distance between the electrode and fabric, as well as the
detection disc radius with values of around 6 and 7 mm
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(half an electrode outer radius), are expected to create
stronger capacitive coupling. It is also possible to use
lower DC voltage sources in order to decrease the power
dissipation.
Aside from the comparison of the results with the
results from [5], future development will consider the
comparison with the physical prototype with a view to
further investigating the usability of the proposed
simulation approach, the influence of the neglected
external conditions, and the adequacy of the assumptions,
as well as to improving the reliability of the simulation
model.
The CST Studio Suite® software is proven to be
suitable for electromagnetic applications of this kind.
With the use of mesh adaptation and considerate model
design, such numerical method software could have a
future in advanced biomedical applications.
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