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Abstract—A finite-element model to simulate surface elec-
tromyography (EMG) in a realistic human upper arm is pre-
sented. The model is used to explore the effect of limb geometry
on surface-detected muscle fiber action potentials. The model was
based on magnetic resonance images of the subject’s upper arm
and includes both resistive and capacitive material properties.
To validate the model geometry, experimental and simulated
potentials were compared at different electrode sites during the
application of a subthreshold sinusoidal current source to the skin
surface. Of the material properties examined, the closest approxi-
mation to the experimental data yielded a mean root-mean-square
(rms) error of the normalized surface potential of 18% or 27%,
depending on the site of the applied source. Surface-detected
action potentials simulated using the realistic volume conductor
model and an idealized cylindrical model based on the same limb
geometry were then compared. Variation in the simulated limb
geometry had a considerable effect on action potential shape.
However, the rate of decay of the action potential amplitude with
increasing distance from the fiber was similar in both models.
Inclusion of capacitive material properties resulted in temporal
low-pass filtering of the surface action potentials. This effect was
most pronounced in the end-effect components of action potentials
detected at locations far from the active fiber. It is concluded
that accurate modeling of the limb geometry, asymmetry, tissue
capacitance and fiber curvature is important when the specific
action potential shapes are of interest. However, if the objective is
to examine more qualitative features of the surface EMG signal,
then an idealized volume conductor model with appropriate tissue
thicknesses provides a close approximation.

Index Terms—Capacitance, EMG, finite-element, geometry,
MRI.
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1. INTRODUCTION

ATHEMATICAL modeling of the surface electromyo-
M graphic (EMG) signal has become a valuable tool with
which to explore appropriate methods of uncovering underlying
motoneuron and muscle activation patterns. Understanding how
different physiological and physical factors alter the signal de-
tected at the skin surface is central to this aim. Although the in-
fluence of muscle fiber location, electrode configuration, tissue
conductivity and muscle anisotropy have been widely exam-
ined [1]-[4], the effect of limb geometry on the surface EMG
signal has not yet been explored. The majority of EMG models
which have been presented are based on solutions for muscle
fibers located in homogenous volume conductors of infinite ex-
tent [5]-[8]. While computationally efficient, particularly in the
simulation of large numbers of motor units [9]-[11], infinite
volume conductor models do not allow variations in tissue prop-
erties or inhomogeneous structures to be included. To incorpo-
rate the effect of skin and fat tissue, volume conductor models
based on concentric cylinders or uniform layers have been de-
veloped [2], [12], [13]. Muscle fiber action potentials in realistic
limb geometries have not yet been simulated, however, largely
due to the limited volume conductor shapes for which analyt-
ical solutions are readily available. Associated with variations
in the limb anatomy, is the path that is traversed by the muscle
fibers. Using model simulation, it has been illustrated that fiber
curvature can alter the shape of nerve and muscle fiber action po-
tentials recorded in finite and infinite volume conductor models,
respectively [14], [15]. The majority of EMG simulation models
to date, however, have assumed the muscle fibers to be straight.

To address more complex limb anatomies, numerical tech-
niques such as the boundary element, finite difference or finite-
element methods must be employed. Numerical methods have
been widely applied in electrocardiography [16] and electroen-
cephalography [17]. However, with few exceptions, [18]-[20],
their application to volume conduction of EMG signals has been
limited to date. Recent numerical simulations using a finite-ele-
ment model of an idealized cylindrical limb have yielded results
which are consistent with previous analytical studies, and have
been used to examine the effect of bone, fat thickness and fre-
quency dispersion in the muscle conductivity and permittivity
[21], [22]. In this paper, the finite-element EMG model pre-
sented in [21] and [22] is extended to simulate surface EMG sig-
nals in an anatomically accurate, volume conductor model of the
human upper arm. The finite-element approach enables models
that reflect the complex anatomies of human limbs, including
asymmetrical geometries and fibers of arbitrary orientation, to
be developed. The model presented includes bone, muscle, fat,
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and skin tissue based on magnetic resonance (MR) images of
the upper arm of a single male subject. Although it is generally
assumed that for EMG applications muscle, fat, and skin tissues
behave as if they are purely resistive, experimental [23] and re-
cent simulation results [21] suggest that capacitive effects may
be significant in the frequency range of surface EMG signals.
Both the conductivity and permittivity of all tissues are, there-
fore, included.

One of the most challenging areas in the development of de-
tailed volume conductor models is validation of the simula-
tion results. When considering physiological current sources,
it is particularly difficult to localize the origin of the excita-
tion, as there is currently no in vivo method to reliably deter-
mine the number of muscle fibers in a particular motor unit and
the shape and size of the territory through which they are dis-
tributed. One of the earliest studies to directly compare exper-
imentally recorded and simulated motor unit action potentials
was presented by Griep et al., [7]. In their study, motor unit ac-
tion potentials recorded at the surface of the extensor digitorum
longus muscle in rat were compared with simulated action po-
tentials where fiber and motor end-plate locations were obtained
from the experimental preparation. An alternative approach was
presented by Roeleveld et al., [12] who compared surface motor
unit action potentials from the human biceps muscle with sim-
ulated action potentials generated by muscle fibers located at
the electrical center of the experimentally recorded motor units.
To avoid the complexities associated with localizing the motor
unit action potential and its constituent fibers, in this study the
voltage distribution around the surface of the limb was recorded
during the application of a current source at an intensity below
the threshold required for stimulation of the underlying muscle
fibers. The recorded surface potential distribution is compared
with data simulated using the anatomically based model for the
same subject. The subject-specific model is then used to explore
how limb geometry may affect action potentials recorded at the
skin surface. Action potentials are simulated for both curved
and straight muscle fibers located in the subject specific volume
conductor. The effects of tissue capacitance and of local inho-
mogeneities due to subcutaneous blood vessels on the surface
action potentials are also examined.

II. METHODS
A. Experimental Methods

A single healthy male subject (46 years old, height 1.92 m,
weight 97 kg) participated in the experiments. A guide-line
was drawn around the circumference of the subject’s right arm,
halfway between the medial condyle and the acronium. The
subject’s skin was prepared by gentle abrasion and cleansing
with alcohol. Sixteen active, single differential bipolar silver
bar electrodes (Delsys Inc., Boston, MA) were then placed
around the arm, 50 mm below the guide-line. Each electrode
consisted of two 10 mm X 1 mm silver bars, separated by an
inter-electrode distance of 10 mm. The bipolar electrodes were
placed side by side, with a distance of 12 mm between the
bars of adjacent electrode pairs and the long axis of each bar
aligned perpendicular to the muscle fiber direction. The elec-
trode located above the brachial artery was labeled electrode
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4 and the electrodes were numbered in ascending order in the
lateral direction. Two pregelled circular excitation electrodes,
10-mm diameter, were placed 60 mm apart in the direction of
the muscle fibers, one on either side of recording electrode 4.
A second pair of excitation electrodes was placed one on either
side of electrode 7.

The subject was seated in an adjustable chair with the right
arm supported. The shoulder was positioned at 60° of abduction
and 45° of flexion, the elbow was flexed at 90° with the forearm
in a mid pronated-supinated position. A 1 mA, 100 Hz, con-
stant current source was applied to the skin surface at the exci-
tation electrodes located about recording electrode 4. The inten-
sity of the applied source was below the threshold for excitation
of the underlying muscle fibers. The voltage at each electrode
was recorded during ten consecutive 2-s epochs. The recordings
were then repeated with the excitation electrodes placed on ei-
ther side of electrode 7. The data were recorded at a sampling
frequency of 2 kHz, and bandpass filtered between 10 and 450
Hz. The experimental recordings were repeated on three sepa-
rate days.

B. Finite-Element Models

The experimentally recorded surface potentials were com-
pared with data simulated using two different finite-element
models-an anatomically based model, derived from MR im-
ages of the upper arm of the same subject, and an idealized
cylindrical arm model. EMG signals at the skin surface due
to single muscle fibers in the subject-specific and idealized
finite-element models were then compared. Consistent with
previous EMG models, wave propagation and inductive effects
were assumed to be negligible [24]. However, unlike previous
EMG models which assume the biological tissues to be purely
resistive in the frequency range of interest, capacitive effects
were included in the finite-element simulations.

The electric field, £, in the volume conductor is described by
Maxwell’s equation derived from Ampere’s Law in point form

—

0F -
V-le—+4+0o FE

ot =0 M

where o 1s the conductivity and ¢ is the perm1tt1v1ty of the
-V,

medium. E is assumed to be a gradient field, i.e., E—
where ¢ is the electric scalar potential.

The finite-element model meshes were generated and the
potential throughout the model solved using the EMAS soft-
ware package (EMAS 4.1, Ansoft Corp., Pittsburgh, PA),
using two-dimensional (2-D) elements along the surface of the
skin and three-dimensional (3-D), linear, tetrahedral elements
throughout the remainder of the model. To verify that a 3-D
layer of skin could be approximated by a layer of 2-D elements
along the surface of the fat tissue, the potential at each electrode
due to a 1-mA surface excitation was compared when the
1.3-mm layer of skin tissue was modeled using 3-D elements
and when the tissue was simulated using 2-D elements along
the surface of the fat tissue. The distance between adjacent
nodes of the mesh varied from 0.1 mm, along the muscle fiber,
to 8 mm deeper within the volume conductor. Care was taken
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Transverse cross section of subject’s right arm (a) MR image mid-way between the bipolar surface electrodes. The location of the electrodes are visible

as light colored markers. Markers not visible in this slice were visible in either the previous or subsequent MR image. (b) Cross section of subject-specific model

at the same location. (c) Cross section of idealized cylindrical model based on image shown in (a).
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Fig. 2.  Geometry of anatomically based volume conductor model illustrating the tissue geometries and surface electrodes.

to confirm that further reducing the size of the mesh elements
did not alter the voltage at the recording electrodes.

1) Subject Specific Model: A series of MR images of the
right upper arm of the same subject that took part in the exper-
imental recordings was acquired. Rectangular plastic markers,
equal in dimension to the electrodes used in the experimental
study, were placed around the surface of the subject’s right arm
at locations corresponding to the electrode location in the ex-
perimental protocol. Oil capsules were placed at the center of
each electrode marker to ensure visibility in the MR images.
The subject was positioned lying down with the right arm above
the head, inside a limb coil, parallel to the trunk. Transverse im-
ages of the upper arm were acquired with an in-plane resolution
of 256 x 256 pixels, 3-mm slice thickness and pixel size of 0.8
mm? using a 1.5 T Siemens scanner, Fig. 1(a).

The outlines of the fat, muscle, cortical bone and cancel-
lous bone tissues were digitized from a series of transverse im-
ages, 30 mm apart. The data were imported into a commer-
cially available finite-element software package (EMAS 4.1,

Ansoft Corp., Pittsburgh, PA). A spline was fitted through the
data points corresponding to the outline of each tissue, yielding
a series of curves along the surface of the fat, muscle, cortical
bone and cancellous bone tissues at 30-mm intervals along the
arm, Fig. 1(b). A 3-D solid was then created by generating a skin
function over the outline of each tissue, interpolating the surface
geometry between splines, and creating separate regions of the
volume conductor for each tissue, Fig. 2. The total length of the
volume conductor was 180 mm, centered 50 mm below the mid-
point of a line connecting the leading edge of the acromion and
the lateral condyle of the humerus.

Sixteen pairs of 10-mm-long bipolar silver bar electrodes,
with an inter-electrode distance of 10 mm, were located around
the surface of the model at the locations of the markers in the MR
images. A 120-mm-long muscle fiber was simulated 14.5 mm
below the surface of the volume conductor directly below elec-
trode 6. The fiber was curved to follow the surface of the model,
remaining at a constant depth at all points along the axial direc-
tion. A straight muscle fiber orientated parallel to the surface of
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TABLE 1
CONDUCTIVITY (o) AND RELATIVE PERMITTIVITY (&) OF MUSCLE, FAT AND SKIN TISSUE FOR THE ANATOMICAL VOLUME CONDUCTOR MODELS AND THE
IDEALIZED MODEL. THE MEAN rms ERROR OF THE NORMALIZED PEAK-PEAK AMPLITUDE DURING THE APPLICATION OF A SUBTHRESHOLD SURFACE
EXCITATION APPLIED ON EITHER SIDE OF ELECTRODES 4 AND 7 IS ALSO PRESENTED. *GABRIEL et al., [27]; PFOSTER AND SCHWAN, [26];
°GIELEN et al., [23]; 9YAMAMOTO AND YAMAMOTO, [29] (GRANULAR TISSUE)

Muscle Muscle Fat Skin Mean rms error
Model | longitudinal direction | transverse direction
O; (S/m) & O, (S/m) & O'/(S/m) 5;’ O, (S/m) & Excitation 4 Excitation 7
A 0.30° 3x107° 0.20° 1x107® 0.04° 1.5x10°° | 4.3x10%*  4.5x10%* 69.59% 134.48%
B 0.52° 1.1x10°® | 0.076 ®°  3.2x10°° 0.07° 1.5x10°° 43x10%°*  4.5x10%° 29.76% 28.95%
C 0.40 © 2x107 © 0.09°  4.4x10°° 0.04° 1.5x10°2 43x10%°*  4.5x10*° 26.61% 18.00%
D 0.40 2x107°¢ 0.09°  4.4x10°° 0.04° 1.5x10°* | 2.2x102¢  4.0x10%¢ 26.15% 20.40%
Idealized| 0.40 ° 2x107 ¢ 0.09°  4.4x10°° 0.04° 1.5x10°® 43x10%°*  4.5x10*° 31.5% 29.2 %

the bone was also simulated at the same depth below electrode
6.

To compare data simulated using the subject-specific model
directly with the experimental data, two pairs of 10-mm di-
ameter, circular, excitation electrodes were simulated 60 mm
apart along the longitudinal axis of the model. One pair of elec-
trodes was centered on recording electrodes 4, the other pair on
recording electrodes 7 as in the experimental protocol, Fig. 2(a).

2) Idealized Cylindrical Limb Model: The idealized cylin-
drical limb model was based on the cross-sectional MR image
located at the center of the bipolar recording electrodes,
Fig. 1(c). The model consisted of concentric layers of bone,
muscle, fat, and skin as described in [22]. The diameter of each
tissue was estimated by calculating the mean diameter of the
tissue in the MR image. The total diameter of the idealized
model was 108 mm, with a distance of 6 mm from the center
of the model to the surface of the cancellous bone, 13.5 mm to
the surface of the cortical bone, and 44.5 mm to the surface of
the muscle tissue, yielding a fat thickness of 9.5 mm. Sixteen
pairs of recording electrodes were equally spaced around the
center of the model and a pair of excitation electrodes with a
60-mm interelectrode distance was centered about a pair of
recording electrodes. A muscle fiber 120 mm in length was
located 14.5 mm below the skin surface at electrode 6, as in the
subject-specific model.

3) Boundary Conditions: At the boundary of the model, it
was assumed that the normal component of the electric field
is equal to zero. In previous finite-element EMG models, we
have assumed the volume conductor to be of infinite length by
applying boundary conditions based on the Bayliss-Turkel ap-
proximation [22] at either end of the model. To avoid the ad-
ditional complexities associated with applying open boundary
conditions on the subject specific geometry it was assumed here
that the model was of finite length. In this case, current is no
longer free to flow into the distal and proximal ends of the limb.
The potential at the surface of the volume conductor was exam-
ined as the length of each model was progressively increased
to confirm that the model was sufficiently long that the poten-
tial at the electrodes did not vary with the length of the volume
conductor. The potential at the node farthest from the recording
electrodes was set to equal zero.

4) Material Properties: There is considerable variability in
the values of conductivity and relative permittivity that have
been reported for biological tissues, particularly for skeletal

muscle and fat tissue. In the data reviewed by Geddes and
Baker [25], conductivity values for muscle in the longitudinal
direction vary between 0.093 S/m and 0.8 S/m at 100 Hz,
with anisotropy values ranging from 1.8 to 14.4. Low fre-
quency conductivity values for fat tissue similarly range from
0.02 S/m to 0.1 S/m [25], [26]. Because of the large spread
of reported material properties, the experimental data were
compared with data simulated using the anatomical model
with several different combinations of muscle and fat dielectric
properties reported in the literature [23]-[27]. The conductivity
and relative permittivity values for each tissue were chosen at
100 Hz, in the region of the median frequency of typical surface
EMG signals. Muscle tissue was assumed to be cylindrically
anisotropic in both conductivity and permittivity, while bone,
fat, and skin were assumed to be isotropic. The conductivity
and permittivity values for muscle, fat, and skin tissue in each
model are presented in Table I. Cortical and cancellous bone
were assigned a conductivity of 0.02 S/m and 0.08 S/m and
a relative permittivity of 6 x 103 and 2 x 10%, respectively
[28]. The material properties for blood were selected for the
conductivity, 0.66 S/m, and permittivity, 1.4 x 102, of the
artery and vein [28]. Skin was simulated as a homogeneous
tissue although in reality it has a laminar structure, with most
of the impedance due to the highly resistive stratum corneum,
which becomes less resistive with increasing depth. Below
the highly resistive barrier layer lies deeper granular tissue
with material properties closer to those of muscle tissue [29].
The conductivity of wet skin used in Models A, B, and C lies
between the reported for the different skin layers [27], while
the more conductive tissue used in Model D has the material
properties reported for the granular layer [29]. Material prop-
erties for the idealized model were the same as those used in
anatomically based models, Table I.

5) Muscle Fiber Action Potentials: To simulate the sur-
face-detected action potential, the voltage at the skin surface
due to the propagation of a series of current sources along
the muscle fiber was calculated at each time step, using the
finite-element method. Action potential sources propagated
along each fiber, in both directions away from the muscle fiber
end-plate, with a conduction velocity of 4 m/s. The muscle fiber
end-plate was located mid-way along the fiber, 20 mm from
the center of the recording electrodes. The propagating current
sources were obtained by discretizing the second derivative of
the transmembrane action potential described analytically by
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Comparison of experimental and simulated surface potential for a subthreshold, sinusoidal excitation applied to the surface of the arm. All data have been

normalized with respect to the maximum potential at the recording electrodes. Simulated data are presented for the anatomically based model using the material
properties detailed in Table I, and for the idealized model using the material properties of Model C. (a) Excitation electrodes applied on either side of electrode 4.

(b) Excitation electrodes applied on either side of electrode 7.

Rosenfalck [30], at 0.1-mm intervals between 0 and 38 mm,
and scaling appropriately, [30]. Muscle fiber end-effects were
incorporated by applying compensating currents equal in mag-
nitude and opposite in sign to the integral of the applied current
along the fiber, to the fiber end-plate at the generation of the
action potentials and to the fiber terminations at the action
potential extinction thus ensuring that the total current in the
model was equal to zero at all times [2], [31]. The action po-
tential simulations were conducted using dielectric properties
of muscle reported by Gabriel ef al., [27], [32] (Model A) and
by Gielen et al., [23] (Model C).

C. Simulation Details

The finite-element method was used to calculate the potential
in the anatomical and idealized volume conductor models due to
an applied excitation identical to that used in the experimental
methods. The voltage around the surface of each model was ex-
amined as a 100-Hz sinusoidal excitation, peak-peak amplitude
1 mA, was applied to each set of excitation electrodes in succes-
sion. Surface-detected action potentials from the subject-spe-
cific anatomical model, with straight and curved muscle fibers,
and the idealized cylindrical model were then simulated. The
simulations were repeated for an effectively resistive anatom-
ical model with the relative permittivity of all tissues set equal to
one. The brachial artery was included in the model of the prop-
agating action potential, while both the brachial artery and the
cephalic vein were included in the model of the applied surface
excitation, Fig. 1(b). To examine the influence of the blood ves-
sels on the surface potential, the potential at each electrode was
examined when the vein and artery were removed from the sub-
ject specific model with both the surface excitation and muscle
fiber action potential source.

The potential at each electrode was calculated at 0.25-ms in-
tervals using the EMAS (Ansoft Corp., Pittsburgh, PA) time do-
main solver. The simulations were executed on a Dell Dimen-

sion 8100 PC with a 1.5-GHz Intel Pentium 4 processor and
512 MB RAM. Typical computation time for the subject-spe-
cific model with a propagating action potential source and a total
of 549 779 elements was 50 min.

III. RESULTS
A. Surface Excitation

In Fig. 3, the mean and standard deviation of the peak-peak
voltage recorded at each electrode during the application of the
subthreshold surface excitation is compared with data simu-
lated using the finite-element model. Data is presented for the
anatomically based model using different muscle and fat dielec-
tric properties, models A, B, C, and D, Table I, and for the ideal-
ized cylindrical model using the material properties for model C.
All of the data have been normalized with respect to the voltage
recorded at the surface electrode closest to the source. With
the excitation applied on either side of electrodes 4, the max-
imum voltage at the recording electrodes before normalization
was 27.22 mV (£2.2) (experimental data), 42.8 mV (model A),
35.2 mV (model B), 47.2 mV (model C), 51.8 (model D) and
39.1 mV (idealized cylindrical model). With the excitation ap-
plied on either side of electrode 7, the maximum voltage was
43.1 mV (£8.7) (experimental data), 25.7 mV (model A), 34.2
mV (model B), 36.7 mV (model C), 44.1 (model D) and 39.1
mV (idealized cylindrical model). The mean root-mean-square
(rms) errors between the simulated and experimental peak-peak
voltage at the recording electrodes in the various models are
compared in Table 1.

B. Simulated Single Fiber Action Potential

Simulated surface action potentials from a 14.5-mm deep
muscle fiber are presented in Fig. 4. Action potentials were
simulated for a curved and straight muscle fiber in the subject-
specific model, and for a straight fiber in the idealized
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Fig. 4. Simulated surface action potentials for a fiber located 14.5 mm below the skin surface beneath electrode 6. Action potentials are presented at different
electrode locations for the subject specific anatomical model with both resistive and capacitive material properties (solid line), purely resistive material properties
(dotted line), a straight muscle fiber (dot-dashed line) and for the equivalent idealized cylindrical model (dashed line). The action potentials in (a)—(d) were simulated
using the material properties of Model A, those in (e)—(h) using the material properties of Model C. (a) Electrode 2, (b) Electrode 5, (c) Electrode 6, (d) Electrode

7, (e) Electrode 2, (f) Electrode 5, (g) Electrode 6, (h) Electrode 7.

cylindrical model. Action potentials from the curved muscle
fiber were also examined when capacitive effects were removed
from the model. Data is presented for two combinations of
material properties, Models A and C, Table I. The normalized
rms values of the surface action potentials are presented in
Fig. 5(a) and the median frequencies of the power spectra of
the action potential waveforms in Fig. 5(b). Variations in the

volume conductor geometry and the curvature of the fiber
yielded substantial differences in the shape and amplitude of
the simulated surface action potentials, Fig. 4. This is also
reflected in the median frequencies of the surface potentials,
Fig. 5(b). However, the rate of decay of the action potentials
simulated with the idealized and subject specific models were
very similar Fig. 5(a).
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(a) Normalized rms amplitude of the surface action potential at different electrode locations from a 14.5-mm deep muscle fiber in the anatomical model,

with both resistive and capacitive material properties (solid line), purely resistive material properties (dotted line), a straight muscle fiber (dot-dashed line) and
in the equivalent idealized cylindrical model. (b) Median frequency of the surface action potentials at different electrode locations. Material properties are those

described for Model A, Table 1.

Inclusion of capacitive tissue properties produced a slight
phase shift in the surface action potentials with respect to the
purely resistive model and a reduction in the amplitude of the
waveform start-up and end-effects. At recording electrode sites
located closest to the muscle fiber there was little variation be-
tween action potentials simulated using a purely resistive model
and those simulated with both resistive and capacitive effects
Fig. 4(c) and (g), Fig. 5(b). However, at electrode sites farther
from the active fiber, differences due to the capacitance effects
became more pronounced, Fig. 4(a) and (e). For example, in
Model C, removing the tissue capacitance caused a 4.1% in-
crease in the rms value of the action potential recorded directly
above the fiber at electrode 6 and a 47.5% increase in the rms
value at electrode 2, Fig. 4(e) and (g).

C. Effect of Blood Vessels

The potential at each electrode was examined when the blood
vessels were removed from the model and replaced with fat
tissue. Removing the blood vessels caused the potential at all
electrode locations to increase. For example, using the material
properties described for Model A, with the surface excitation
applied at electrode 4, the greatest increase in voltage when the
blood vessels were removed occurred at recording electrode 4
(28.15%), located directly above the brachial artery. With the
excitation applied on either side of recording electrode 7, the
greatest difference was 12.33% and occurred at recording elec-
trode 8, located directly above the cephalic vein. For simulated
action potentials, the greatest change in potential also occurred
at the electrode above the brachial artery, electrode 4. Replacing
the blood vessel with fat tissue caused a 26.16% increase in the
rms value of the surface action potential at this electrode. Sim-
ilar results were observed with all other combinations of mate-
rial properties.

IV. DISCUSSION

A new model to simulate surface EMG in an anatomically
based volume conductor is presented. The anatomically based
model represents a new approach in surface EMG simulation
and allows the incorporation of features that cannot be included
using traditional analytical methods. These include conducting
electrodes, uneven surfaces and asymmetrical tissue geometries.
Previous surface EMG simulation studies model the limb as an
infinite, semi-infinite or symmetrical cylindrical volume con-
ductor, and assume capacitive effects to be negligible at the fre-
quencies of interest. It is also generally assumed that the muscle
fibers run in a straight line, either parallel to, or inclined with re-
spect to the skin surface. In comparison with analytical models,
however, the complex finite-element models can be relatively
time-consuming to develop and computationally demanding to
execute. In order to reduce the computational burden, the 3-D
skin tissue was modeled using 2-D finite elements. The models
were also assumed to be of finite length, with ground located
at the node farthest from the recording electrodes, rather than
incorporate absorbing boundary conditions as in previous sim-
ulations [22]. Both of these simplifications considerably eased
the generation of the finite-element mesh and reduced the com-
putation time, without altering the potential distribution at the
recording electrodes.

Although the conductivity and permittivity of biological tis-
sues are well known to vary with frequency [26], classical EMG
models assume that at the frequencies of interest biological tis-
sues behave as if they are purely conductive materials, with
constant conductivity. Consistent with these models, it was as-
sumed that the material properties of all tissues remain constant
across all frequencies. Conductivity and permittivity values for
the simulations were chosen from values reported at a single
frequency, 100 Hz, which lies close to the median frequency of
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typical surface EMG signals and experimental measurements
were conducted for a surface excitation at 100 Hz.

The rate of decay of a simulated subthreshold, surface excita-
tion in both the subject-specific and idealized models was sim-
ilar to that observed experimentally, Fig. 3. Of the limited com-
binations of material properties that were simulated, the model
using muscle material properties reported by Gielen et al., [23]
provided the closest agreement between the simulated and exper-
imental data, with a mean rms error of 26.6% (excitation at elec-
trode 4) or 18% (excitation atelectrode 7). Given the large number
of variables in the model, it is likely that there are many different
combinations of conductivity and permittivity that would yield
similar results for a single geometry. There is considerable vari-
ability inthe values of conductivity and permittivity thathave been
reported for skeletal muscle, fat, and skin tissue, and in reported
muscle anisotropy values. The muscle tissue was assumed to be
a cylindrically anisotropic, homogenous tissue, which assumes
straight parallel muscle fibers. In the case of curved muscle fibers,
however, the principal directions of the conductivity tensor vary
within the muscle volume. While care was taken to ensure that
the electrodes were placed at the same location in both the ex-
periments and model simulations, it is possible that there were
small variations in the electrode location between experiments
or that the subcutaneous tissues may have moved relative to the
skin surface. Due to the shape of the MR coil, it was not possible
to place the subject’s arm in exactly the same position as in the
experimental protocol, which may result in slight differences in
the limb anatomy between the two situations. Each of these fac-
tors could further contribute to the differences observed between
the experimental and simulated voltages.

To examine how limb geometry can influence muscle fiber ac-
tion potentials detected at the skin surface, action potentials sim-
ulated using the anatomically correct volume conductor model
and the idealized cylindrical model were compared. The rate
of decay of the action potential amplitude around the limb was
similar in both models, Fig. 5(a). However, the shapes of the in-
dividual action potentials varied considerably, Figs. 4 and 5(b).
The greatest variations in action potential shape were observed
at electrode locations farthest from the active fiber, where the
amplitude of the detected signal and its contribution to the sur-
face EMG signal are small. At electrode locations closer to the
fiber where the contribution from the muscle fiber is greatest,
for example at electrodes 4 to 9, variations between simulated
action potentials in the different models were considerably less.

Curvature of the muscle fiber was also observed toinfluence the
shape of the surface-detected action potentials. Atelectrode loca-
tions close to the source, action potentials from the straight and
curved muscle fibers in the subject-specific model were quite sim-
ilar. However, as the distance between the fiber and the detection
electrode increased, the action potentials from the straight fiber
were closerin shape totheidealized cylindrical limb model thanto
a curved fiber in the subject-specific model. From the simulation
results, it is suggested that the specific geometry of the limb is an
important factorif details of individual action potential shapes are
of interest. However, if the main parameters of interest are more
qualitative features of the EMG signal, such as the approximate
rate of decay of the EMG amplitude or factors related to the motor
unit firing patterns, then an idealized cylindrical limb model with
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appropriate thicknesses of fat tissue provides a close approxima-
tion to the anatomically correct model.

Inclusion of capacitive effects in the model resulted in a phase
shift of the detected action potentials with respect to the purely
resistive model and a reduction in the amplitude of the muscle
fiber end-effect components, Fig. 4. The attenuation of the fiber
end-effects was most pronounced at electrode locations farthest
from the active fiber, where the relative contribution of the end-
effect component is greatest, Fig. 4(a) and (e). Introducing the
tissue capacitance caused the volume conductor to behave like a
temporal low-pass filter. This temporal low-pass filtering effect
is distinct from the spatial filtering of the propagating action po-
tential that is also observed in purely resistive volume conductor
models. In the examples presented, temporal filtering caused an
attenuation of the muscle fiber end-effects, which tend to have a
higher frequency content than the propagating part of the wave-
form and whose relative contribution to the surface action poten-
tial is greatest at large distances from the fiber [33]. The median
frequencies of surface action potentials at electrodes sites far-
thest from the fiber, therefore, decreased when capacitive tissue
properties were included, while the median frequencies of ac-
tion potentials detected closer to the fiber remained relatively
unchanged, Fig. 5(b).

For the dielectric properties of Models A and C, based on the
measured muscle properties reported by Gabriel ef al., [27] and
Gielen er al. [23], respectively, the tissue capacitive effects had
a noticeable effect on the surface action potential waveforms.
With other combinations of conductivity and relative permit-
tivity, however, capacitive effects will be less significant or neg-
ligible [24]. Furthermore, dispersion in conductivity and per-
mittivity has not been included in the present model. Previous
simulations using a homogeneous finite-element muscle model
have illustrated that neglecting the frequency-dependent, or dis-
persive, nature of muscle permittivity can cause capacitive ef-
fects to be overestimated in the simulation of single fiber action
potentials [21]. To fully assess the contribution of capacitive cur-
rents to the surface EMG signal, dispersion in the material prop-
erties of each tissue should be incorporated.

Finally, the presence of highly conductive subcutaneous
blood vessels was observed to alter the potential distribution
along the surface of the model. The most pronounced change
occurred at the recording electrodes directly above the vessel.
Including a blood vessel, either the brachial artery or the
cephalic vein, below the skin surface had a shunting effect,
causing the potential at the electrode located directly above it
to decrease. Rutten et al., [20], have shown similar changes,
either an increase or a decrease in the potential recorded in the
vicinity of a blood vessel located at the center of a finite volume
muscle model, depending on the observation point.

V. CONCLUSION

A new model of the surface EMG signal based on a real-
istic arm anatomy has been presented. The model includes both
resistive and capacitive material properties. Comparison of ex-
perimental and simulated data for an applied subthreshold sur-
face excitation confirmed that the finite-element model yielded
a close approximation of the rate of decay of the applied surface
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excitation around the upper arm. For simulated surface-detected
muscle fiber action potentials, the specific geometry of the limb
caused substantial variations in the shapes of the surface po-
tentials. An idealized cylindrical volume conductor model with
appropriate subcutaneous layers, however, provided a close ap-
proximation to the rate of decay of the surface action poten-
tial amplitude. Inclusion of tissue capacitance resulted in a tem-
poral low-pass filtering of the surface action potentials which
was most pronounced in the end-effects of action potentials de-
tected at locations far from the source, and caused a slight re-
duction in the amplitude and frequency content of the signal. It
is concluded that accurate modeling of limb geometry, asym-
metry, tissue capacitance and fiber curvature is important when
the specific shapes of the surface potentials are of interest.
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