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Abstract

Distribution of three-dimensional current and potential is very important for precise stimulation
in functional electrical stimulation. Static models describe the effect of an amplitude change of
the stimulation, but the result is the same for different pulse duration. We present the finite
element model of a transient electrical stimulation on the upper arm. A standard Galerkin
procedure was derived in order to obtain discrete finite element equations. Different tissue
properties are defined by their conductive and dielectric properties.

It is aimed to show that FE modeling of stimulation can give the spatial-temporal location
and amplitude of the current to be dynamically configured. Two cases were modeled with the
same geometry but with different input of the current pulse, electrode size, positions and tissue
properties. The first model case was compared with experimental and numerical results form
the literature. The second one was fitted to our own experimental investigations on a few
volunteers. The fitting was performed on tissue parameters.

Both cases have shown a strong effects of transient conditions and relative permittivity of
the skin on the solutions. Our observation showed that dielectric tissue properties (permittivity)
cannot be neglected and that the static approach in the electrical stimulation is not appropriate.
Hence, the therapeutic strategy should take into account these effects during the functional
electrical stimulation.

Key words: Modeling of transient electrical stimulation, functional electrical stimulation, tissue
permittivity and conductivity, time-dependent solution.

1. Introduction
Functional electrical stimulation (FES) is the most important application in the field of clinical

treatment by currents or magnetism. This technique artificially generates neural activity in order
to overcome lost functions of paralyzed, incontinent or sensory impaired persons. The term
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"functional electrical stimulation" can be used to describe a variety of therapeutic techniques
and experimental treatment approaches. Research in functional electrical stimulation field is
focused on improvement of technological aspects and control systems. It is necessary to have
better understanding of the factors that influence the force production capabilities of stimulated
muscle, the ability of muscle to produce the desired movement and the metabolic demands of
contractions. These factors are relatively unobtainable through in vivo experiments, within vast
modalities of the electrical stimulation [1-4].

Modeling of electrical propagation through human tissues simulations provides numerous
modalities and deeper understanding of underlying physical meaning. In this regard we
investigated the FE methodology for achieving those demands, the methodology that enables
complex geometries to be included and has vast applicability and utility for wide physical field
problems.

Further numerical investigations and experimental design may lead to device
improvements and discoveries or advance knowledge in electrophysiology for clinical
diagnostic and therapy systems.

2. Computational and experimental models

2.1 Finite element modeling

The geometry of the human upper arm is modeled by concentric cylinders for the skin (1.5mm),
fat (8.5mm), muscle (27.5mm), cortical bone (6mm) and bone marrow layers (6.5mm) (Fig. 1).
Each layer is described by the conductivity ¢ and also the relative permittivity €. A large range
of values for ¢ and ¢ at each layer have been published in literature [5-6]. The properties used in
this report for different layers are show in Table 1 [5]. Dielectric permittivity was supposed to
be independent of the frequency.

Specific conductivity Relative
6 [S/m] permittivity €
Skin 0.00025 6000
Fat 0.03 25000
Muscle 1 100000
Bone 0.02 3000
Marrow 0.08 10000

Table 1. Tissue material constants [5]

Our interest consists in gaining information and knowledge about the electric field
propagation through lower arm tissues under static hypothesis, as well as in dynamic
conditions. We therefore use the full dynamics of the electrical propagation through tissues.
This is a generalization of the common implementation of electrical stimulation modeling by
static models, which neglect the eventual transient aspects of the electrical current and
potentials with transient distributions in space. At higher frequencies, a satisfactory confining
analysis cannot be achieved without considering the transient effects.

In order to derive the mathematical model for a transient state, we start from the
conservation of the electrical charge, assuming material characteristics to be linear:
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where J is the electrical current density vector, p represents the electrical charge density
(volume), D stands for dielectric displacement vector, E represents electrical field strength
vector, V stands for electrical potential, ¢ is dielectric permittivity, and o is electrical
conductivity.

Case A | Case B
L 50cm| 3.0cm
W 50cm| 2.0cm
D 6.0cm| 3.0cm

Tissue layer | Layer thickness
Skin 1.5 [mm]
Fat 8.5 [mm]
Muscle 27.5 [mm]
Bone 6.0 [mm]
Marrow 6.5 [mm]
Skin
Fat

Muscle” ——|
Bone /
Marrow

Fig. 1. Basic geometrical data for the human upper arm. The concentric cylinders denote

different tissue layers: skin, fat, muscle, bone and bone marrow. Two cases A and B represent
different electrodes shape, size and position.

A standard Galerkin procedure is applied to Eq. 3 in order to derive the finite element
equations [7]. The unsteady equations for finite element solver were obtained by modification
of PAK-P software package, which is developed at University of Kragujevac [8].

The FE mesh which consists of 60000 3D 8-node elements is shown in Fig. 2. The
unknown values per node are the electrical potentials. In the finite element modeling it is very
important to do mesh independent analyses to avoid error due to mesh size. We examined three
different mesh sizes associated with 60,000, 80,000 and 100,000 finite elements. All of them
gave similar results with no significant changes, so we present here the results using 60,000 3D
finite elements (Fig. 2).
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We implemented different shapes and sizes of the electrodes into the finite element model,
in order to compare the results with those available in the literature as well as with our own
experimental observations.

Fig. 2. Finite element mesh used for the electro-stimulation modeling, 60000 3D 8-node finite
elements. Five different groups of material are associated with the tissue layers.

For the first case we used the 5cm square electrodes with distance of 6cm between them.
We denote this model as the case A. A monopolar constant current pulse with pulse duration of
1000 ps and amplitude 9mA were applied in the case A. The current density J as an input flux is
directly calculated from the given current amplitude and surface of the electrodes.

2.2 Experimental setup

We designed an experimental setup to make electrical stimulation on a few human volunteers in
order to measure voltage between the stimulation electrodes. A standard current regulated
stimulator was used [9]. The pulse duration during the experiment which we denoted as Case B
was 400 us and the current amplitude was 10 mA. The input current pulses for both cases A and
B are shown in Fig. 3. The Case A is more then twice longer then Case B. Also, the current
amplitude is slightly higher for the experimental setup Case B.
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Fig. 3. Prescribed current pulses for Case A and Case B. The current for the Case A, I=9 mA
with periodic pulse duration 1000 ps; and for the Case B the current I=10 mA with periodic
pulse duration 400us.

Fig. 4. Experimental setup for electrical stimulation. Two electrodes of size 2x3 cm are
connected to a current regulated electric stimulator. The distance between electrodes is 3cm.
The voltage between electrodes is measured with the standard equipment [9].
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3. Results

We first present the results for Case A which corresponds to modeling and experiment by Kuhn
and Keller [5]. These authors analysed a transient FE model with tissue parameter from Table 1
and compared their measurements on three human volunteers. Our FE calculation of the voltage
between two electrodes has shown very similar behavior in comparison to the results of these
authors (Fig. 5). A small deviation from [5] could probably be because Kuhn and Keller used
different conductivities in the longitudinal and transversal directions. Total electrical potential
distribution for maximum voltage between two electrodes on the skin is shown in Fig. 6. As it is
expected, the maximum voltage occurred at the end of input current pulse tp=1000us. Also,
both calculations demonstrate the strong influence of the transient conditions which is caused
by the inertial effects of the voltage response on the skin as well as in the muscle and the
nerves. This directly emphasize that permittivity plays an important role in the functional
electrical stimulation.
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Fig. 5. Voltage between the stimulation electrodes vs time for one pulse. Pulse duration t,=
1000 ps, applied current I =9 mA, two electrodes of size 5x5 cm, distance between electrodes
D=6 cm.
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Fig. 6. Electrical potential distribution at the end of pulse in the Case A. The pulse duration
tp=1000ps. The square of Scm electrodes was used, with 6¢cm distance between electrodes.

The voltage distribution inside muscle and other tissue layers for the maximum pulse in the
case A is shown in Fig. 7. These values are smaller than the voltage on the skin due to low skin
conductivity. Velocity vector distribution of the electrical field for the same time step is shown

in Fig. 8. As expected, the electrical field produces the flow from input to output electrode,
caused by electrical potential difference at the electrodes.
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Fig. 7. Voltage distribution inside the upper human arm. The palette scale shows the potential
from 15 to 17 V at the end of pulse in the Case A. The pulse duration tp=1000us.
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Fig. 8. Electrical vector distribution inside the upper human arm at the end of pulse in the Case
A. The pulse duration tp=1000us.
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Fig. 9. Voltage between the stimulation electrodes vs. time; case B, experimental and computed
values. The pulse duration t,= 400 ps, applied current amplitude I = 10 mA, two electrodes size
2x3 cm, distance between them D=3 cm.
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The result for the Case B for voltage distribution between electrodes vs time is shown in Fig. 9.
For the finite element modeling we used the same geometrical data as in the Case A. The
current amplitude I=10mA and pulse duration 400ps is used in the experiment. The voltage
response measured on a few volunteers was averaged. Tissue properties fitted with the
experimental results are given in Table 2. It was observed that the specific conductivity for the
skin should be 10 times higher then in Case A. The reason for that could probably be due to use
of a gel on the skin during experiment, which produces a much higher electrical conductivity
for the wet skin in comparison with the Case A. The relative permittivity for all layers used in
Case B was similar as used in Case A.

Specific conductivity Relative
o [S/m] permittivity &
Skin 0.0025 8000
Fat 0.01 20000
Muscle 1 100000
Bone 0.05 5000
Marrow 0.1 10000

Table 2. Tissue material constants fitted with our experimental setup.

3. Conclusions

A transient 3D finite element model is developed to simulate the functional electrical
stimulation of the human upper arm over time. Our model was validated by comparison the
computed results with the experimental measurements from literature [S5] and our
measurements. We analyzed two cases, A and B, with the same geometrical data but different
input current amplitude, pulse duration, electrode size, positions and tissue properties. The case
A was compared with experimental and numerical results in [5]. For the Case B we fitted tissue
properties in order to obtain the results close to the experimental response measured on few
volunteers. Both cases have shown a strong inertial effect due to a transient conditions and
dominant relative permittivity of the skin. This observation suggests a possible change in the
current therapeutic strategy and potential measurement during the functional electrical
stimulation. Also, the dielectric tissue properties (permittivity) cannot be neglected and the
static approach of electrical stimulation should be replaced by with the dynamic one. Future
research should include verification of computer modeling by comparison experimental and
numerical results inside the muscle as well as in the nerves.
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