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Impact of electrode geometry on force generation
during functional electrical stimulation
Abstract: The goal of functional electrical stimulation is to
restore lostmovements by excitation ofmotor axons inner-
vating the target muscle. For optimal electrode placement
and geometry the distribution and spatial orientation of
the desiredmotor axons has to be known. In this study, the
response ofmotor axonswithdi�erent orientations to elec-
trical stimulation was simulated. Three electrode geome-
tries with the same area were used. The simulated axon
activation was compared to experimental force measure-
ments and showed good agreements. It is now assumed
that optimal electrode geometry does strongly depend on
motor axon orientation, which can vary from one subject
to the other. Lack of knowledge about the dominant motor
axon orientation makes the use of square, round or multi-
pad electrodes favorable.
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1 Introduction
Functional electrical stimulation (FES) is a way to restore
lost movements, e.g. grasping, and can be used to help
people su�ering from spinal cord injury or stroke [1, 2].
Multi-pad electrodes could be one way to solve several
problems regarding FES. They could help reducing fatigue
by excitation of di�erent motor axons within one muscle
as well as easing the process of �nding the best spot and
electrode shape for stimulation [3, 4].

Modeling and simulation studies can be a great assis-
tance in developing and improving systems for FES, es-
pecially for future multi-pad systems, since they are not
commercially available right now and need to be custom
made for research activities. That is why it makes sense to
spend time on simulation studies before expensive proto-
types are developed.
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In this study, the goal was to determine the impact
of electrode geometry on electrical stimulation. Therefore,
a simulation study was performed to get insights on how
axon activation is in�uenced by both axon alignment and
electrode geometry. To validate these results, experiments
with two subjects were performed to measure the force,
generated by electrical stimulation of the �nger �exor
muscles.

2 Methods

2.1 Simulation

A two-step approach was used to simulate the outcome
of FES. In COMSOL Multiphysics a 3D �nite element (FE)
model was created (see Figure 1). This simple model of the
human forearm consisted of a skin and a fat layer, sur-
rounding the muscle tissue. Inside the muscle tissue the
ulnar and radial were placed. Besides the bones an el-
liptic cylinder was de�ned in which the motor axons, re-
sponsible for muscle activation, are located. This cylinder
will from now on be referred to as the motor axon volume
(MAV). It was located 1.5mm under the fat layer, had a
height of 16mm, a width of 24mm and was 30mm long.
The size of the MAV was estimated with regards to the re-
sults of Lieber et al. [5, 6] and El-Din Safwat et al. [7]. The
idea behind theMAVwas to represent theway of themotor
axons from the nerve entry point in the muscle to the mo-
tor endplates andwas inspired byGomez-Tames et al.[8]. It
was assumed that there is one dominant axon orientation.
Three angles between the MAV and the longitudinal direc-
tion of the forearm were investigated (0°, 30° and 60°, see
Figure 2b).

Two electrodes were placed on the surface of the skin.
Thereby, the distal and bigger electrodewas the indi�erent
and the electrode placed on top of the MAV was the active
electrode. Three di�erent active electrodes with the same
area were considered in simulations and experiments: a
longitudinal electrode (2 x 4 cm2), a transversal electrode
(4 x 2 cm2) and a square electrode with an area of 8 cm2

(see Figure 2a).
The electric potential caused by the electrical stimu-

lation in the MAV was saved and exported to MATLAB to
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Figure 1: Simple 3D model of the human forearm. The red lines rep-
resent the current flow between the two electrodes, the multicol-
ored volume illustrates the potential in the MAV.

Figure 2: (a) Shows the three di�erent electrode geometries used
for both simulation and experiments. The grey square illustrates
the indi�erent electrode, the black rectangles/square the active
electrode and the red dot the center of both, the electrode and the
MAV lying underneath. (b) Shows the rotations of the MAV around
the center of the stimulation electrode used for the simulation. The
black line represents a rotation of 0°, the dashed line a rotation of
30° and the dotted line a rotation of 60°. The red cross illustrates
the center of rotation under the active electrode.

calculate the response of the motor axons. For the simula-
tion a current of 20mAwith a duration of 150µs was used.
The parameters used for the FEmodel can be seen in Table
1.

In MATLAB the electric potential was computed along
homogeneously distributed parallel lines. Each line repre-
sented the extracellular potential along one axon. A ran-
dom distribution of axon diameters, similar to [8] was as-
sociated to the potential lines of the MAV. The axon mem-
brane potential was calculated according to McNeal [10]
by solving

dVn
dt = 1

Cm
[Ga(Vn−1 − 2Vn + Vn+1 + Ve,n−1

−2Ve,n + Ve,n+1) − GmVn]. (1)

Table 1: Parameters used for the 3D FE model. The conductivity σ
and permittivity ϵr are taken from Kuhn [9]. The geometry of the
tissue was estimated.

Material σ [S/m] ϵr Thickness [mm]

Electrode-skin interface 1/300 1 1
Skin 1/700 6000 1
Fat 1/33 25000 3
Muscle (longitudinal) 1/3 120000 240
Muscle (transvers) 1/9 40000 72-42
Cortical bone 1/50 3000 2
Bone marrow 2/25 10000 ca. 9

Figure 3: Cross section of the MAV. Red circles show activated ax-
ons, where the membrane potential surpassed the threshold po-
tential. Yellow circles are non-activated axons. The diameter of the
circles corresponds to the axon diameter. It can be seen that deep
and small axons are less likely to be activated by FES compared to
super�cial and big axons.

If the membrane potential exceeded a certain thres-
hold potential, activation of this particular axon was as-
sumed. Figure 3 shows the cross section of the MAV with
activated and non-activated axons. A passive calculation
of the membrane potential was chosen since in this study
the time depended behavior of speci�c ion channels was
not of interest and the spatial behavior should not be af-
fected by active membrane properties.

Since relatively short axons were investigated, partic-
ular attention had to be paid to the �rst and last node of
Ranvier. The membrane potential of the �rst node of Ran-
vier was chosen to stay at resting potential. For the end of
the axon, which is approaching themotor endplate, it was
assumed that there is no myelin sheath between the last
and the second last node of Ranvier. The parameters for
the axon model are listed in Table 2.
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Table 2: Overview of the used nerve parameters. With these values
the axon conductance Ga = πd2/4ρidx, the membrane conductance
Gm = πdLgL and the membrane capacitance Cm = πdLcm can be
determined.

Parameter Value Reference

internodal distance ∆x 2mm -
node length L 2.5 µm [10]
axon diameter d 7-17 µm [8]
spezi�c axon resitance ρi 0.7 Ωm [9]
membrane conductance/unit area gL 30.4mS/cm2 [10]
membrane capacitance/unit area cm 2 µF /cm2 [10]
resting potential Vr -70mV [10]
threshold potential Vs -55mV -

Figure 4: Experimental setup: The �ngers are attached with a wire
and a spring to the force gauge.

2.2 Experiments

The number of activated axons is supposed to correlate
with the produced force. Therefore, force measurements
were performed with two young and healthy subjects in
order to validate the simulation results. Both subjects had
been seated ona comfortable chairwith the forcemeasure-
ment setup on a table in front of them. The ring, middle
and index �nger were attached to a wire, which was con-
nected via a spring to a force gauge (PCE-FG 20SD, PCE In-
struments, Germany). This way the tensile force caused by
�nger �exion could be measured (see Figure 4).

The electrical stimulationwas delivered using theMo-
tionstim8 (Medel, Germany). Electrodes were placed ac-
cording to the simulations. The indi�erent electrode was
placed distal, close to the wrist, and the active electrode
was placed on themotor point (themost sensible point for
electrical stimulation) for �nger �exion. The motor point
had been searched carefully in advance with a pen elec-
trode. The electrode dimensions were the same as in the
simulation study.

For stimulation biphasic rectangular pulseswith a fre-
quency of 35Hz and a pulse width of 150µs were used.
The amplitude was chosen to produce a strong contrac-
tion while not becoming uncomfortable (15mA for subject
1 and 12mA for subject 2).

For each of the three di�erent electrode geometries
the same procedure was performed: 5 s of stimulation fol-
lowed by 20 s of rest until �ve stimulations were reached.

Between changing electrodes there was a �ve minute
break to avoid fatigue altering the results. The peak force
value, which corresponds to the biggest magnitude of mo-
tion, for each stimulation phase was noted and out of all
�ve stimulation phases the median force was determined.

3 Results
To compare the simulated with the experimental results
the data had to be normalized. For subject 1 and subject
2 the achieved force level for each electrode geometry was
normalized to the maximum force level. This way the elec-
trode geometry which produced the highest force equals
100%. For the simulation results the number of activated
axons for each electrode geometry was normalized by the
maximum achieved number of activated axons. As with
the experimental results this way the electrode geometry
which produced the highest number of activated axons
equals 100%. This had been done for all three MAV ro-
tations. At the end the results of experiments with two
subjects were compared to three di�erent simulation out-
comes.

Figure 5 shows the comparison of the results. It is ob-
vious that there is a strong variation between the two sub-
jects and also within the three di�erent MAV orientations.
Nevertheless, the experimental results coincide well with
individualMAV orientation in simulation. The force gener-
ation behavior of subject 1 correlates to a MAV rotation be-
tween 0° and 30°. For subject 2 a 60° rotation shows good
accordance between measured and simulated behavior.

Figure 5: Comparison of the experimental with the simulated re-
sults. For subject 1 and 2 the normalized generated force is plotted,
for the simulations the normalized number of activated axons.
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4 Conclusion
In this study it could be shown that simulated axon acti-
vation correlates well with measured force. Thus the con-
cept of a MAV seems to be promising for modeling force
generation by electrical stimulation. Simulations as well
as experiments showed that the optimal electrode geome-
try can vary fromone subject to another and does probably
depend on the dominant motor axon orientation. It could
also be seen that square electrodes always performed well
compared to rectangular electrodes. Gomez-Tames et al.
[11] showed in a simulation study that there is no sig-
ni�cant di�erence between square and round electrodes,
which agreeswith our experience. Therefore, using square
or round electrodes is recommendable if the dominant
axon orientation is unknown. The results of this study also
show the potential of electrode arrays, where the stimula-
tion electrode shape can be more or less changed freely.

In the futuredi�erentmovements, especially �nger ex-
tension, should be investigated as well. It is also possi-
ble to simulate the impact of electrode misplacement and
compare this to experimental results. This way it should
be possible to characterize MAV size and orientation. It
should also be considered that theremaybemore than one
MAV for one movement due to multiple nerve entry points
per muscle or co-contraction of neighboring muscles.
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