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Abstract 

A finite difference model of the human thigh is 
used to analyze the excitation process in the fibers 
of denervated skeletal muscles which are treated 
by Functional Electrical Stimulation (FES) via 
surface electrodes. The MATLAB research tool 
FES-FIELD was developed to simulate the 
stationary electrical field for real human 3D 
geometry.  

The first part of this computer simulation study 
was to compare the excitation effect of the FES via 
an extracellular point source in relation to the 
longitudinal position of the electrode above a 
single denervated skeletal muscle fiber. Action 
potential initiation is simulated with a muscle fiber 
model of the Hodgkin Huxley type and with a 
generalized form of the activating function. Results 
showed that there is an optimal longitudinal 
position of the electrode at the muscle-tendon 
junction with strongest excitation effect. 

The second part, being the purpose of this study, 
was to analyze the entire amount of skeletal muscle 
fibers in the 3D electrical field. Therefore another 
MATLAB research tool (FES- ANALYSE) was 
developed to give a first estimate of supra-
threshold regions. At the endings of a target fiber 
the activating function is proportional to the first 
derivative of the extracellular voltage, whereas the 
second derivative is the driving element for the 
central part. The analysis demonstrates that it is 
generally easier to initiate action potentials at the 
fiber endings especially for fibers in deeper 
regions. 

Introduction  

Most of the knowledge on Functional Electrical 
Stimulation (FES) of denervated (flaccid 
paralyzed) muscle is the product of more than 30 
years of experimental use [1], i.e. it is empirical 
and subjective. Excitation of denervated skeletal 
muscle fibers depends either on electric field 
distribution in muscle tissue or on membrane 
properties and the microscopic morphological 
features of muscle cells [2]. The whole simulation 
of the combined models is necessary to 
quantitatively observe all the processes which 

happen during FES and to optimize the effects 
caused by the applied voltage.  

With the potential distribution along one muscle 
fiber the activating function [3], calculated along a 
nerve fiber, can be determined. A useful membrane 
model [4], caused by the use of voltage-clamp 
techniques, is available and the early model study 
of Adrean & Peachey [5] showed that the 
transversal tubular system (T-system) exerts an 
important loading effect in the form of a tubular 
outlet current. 

For quantitatively observation a 2D-model of the 
distribution of the extracellular electric field in a 
length section of the human thigh has been 
established in 1997 and 1999 [4]. It focuses on 
denervation of the lower extremities. The major 
target muscle for FES that causes knee extension is 
the m. quadriceps femoris. Distribution of the 
electrical potential along its fibers is representative 
for its functional contraction caused by its 
electrical activation. In this 2D-model, where the 
femur is of low conductivity compared to the 
surrounding tissue, the current - applied through 
surface electrodes covering the m. quadriceps 
femoris - cannot be passed on to the hamstrings 
below the femur. However, in a 3D-simulation [6] 
the stimulation current can be passed on to the 
hamstrings through the muscles enclosing the 
femur. Voltage distribution changes considerably 
compared to the 2D-model. 

In comparison to the stimulation of motorneurons 
functional electrical stimulation of denervated 
skeletal muscle fibers needs essentially stronger 
stimuli in voltage as well as in pulse duration. 
Therefore, optimization of the stimulation 
parameters including shape and positioning of 
surface electrodes are important topics for the 
treatment of paraplegic patients with denervated 
muscles. 

Material and Methods 

Muscle fiber compartment model 

A muscle fiber is a cylindrical cell which 
essentially consists of the sarcolemma, the 
transverse tubular system (T-system), the 



myofibrils and the intracellular fluid. The electrical 
excitation of a target fiber is simulated with a 
compartment model of Hodgkin Huxley type that 
is extended to include the current flow iT into the 
T- system, i.e. membrane current im becomes 

 
dt
dV

Ciii mTionm ++=  (1) 

The ionic currents across the membrane consists of 
sodium iNa, potassium iK and leakage current iL 
with a shift of the sodium current characteristics 
towards hyperpolarization, depending on the status 
of the denervation [1].  iT results from the potential 
difference between the membrane potential V and 
the outermost (at radius a) tubular potential VT(a), 
which causes a current over the access resistance 
RS of the T-system. The tubular potential is 
determined from the differential equation [2] 
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where cT is the capacity of the T-system. The 
calculation of the ionic currents of the T-system 
i ion,T is analogue to those of the sarcolemma with 
corresponding parameters. GL,T denotes the lumen 
conductivity of the T-system and r  is the fiber 
radius. The current relation along the fiber is 
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with fiber radius a, the intracellular conductivity 
r i, the second derivation of the transmembrane and 
the extracellular potential V and Ve as functions of 
the fiber’s length co-ordinate x. 

 With constant compartment length Dx the 
numerical form of (1) and (3) for the central 
compartments results in 

 
nTnion

nnenenennn

i

ii
dt
dV

c
x

VVV

x
VVVa

,,2
1,,1,

2
11

22
2

++=�
�

	


�

�

D

+×-
+

D
+×-

×
-+-+

r
 (4) 

where the exciting effect of a denervated muscle 
fiber can be obtained by the classic activating 
function 
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which was introduced to calculate the extracellular 
influence of the electrical field Ve along a nerve 
fiber x. 

The junction between skeletal muscle and tendon 
(Fig. 1) consists of hemidesmosomes at the end of 
each muscle fiber as a mechanical connection to 
the collagen bundles of fibers of the tendon. At this 
location a very strong inhomogeneity referring to 
the muscle fiber can be observed because there is 

no continuity between muscle fiber and collagen 
fibrils. 

 
Fig. 1: Muscle-tendon junction (enlargement 4000); 
1…finger-shaped endings of muscle fibers, 
2…fibrocyts, 3…collagen fibrils, 4…erythrocyte. 

It can be assumed, that no intracellular current is 
able to flow across the barrier between muscle 
fiber and collagen fibrils of tendon tissue. This 
consideration can lead to a substantial contribution 
of activating effect at the terminal region of the 
muscle fiber (Fig. 1), where the classic activating 
function for quasi infinite fiber length is negligible 
small. For that reason (4) is reduced to 
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This means that the activating function [3,4] 
becomes proportional to the first derivative of the 
extracellular voltage at the endings of a fiber  
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(terminal activating function), whereas the second 
derivative is the driving element for the central part 
(5). 

Electrical field 

The geometric information is available as a 
number of CT cross-sections from patient data 
(Fig. 2). The MATLAB application FES-FIELD 
provides an input filter for DICOM format, which 
first converts the files into gray scaled 16bit 
images, then finds the outermost contour (skin) and 
last colors the contour-pixels white and all outlying 
pixels black (air). Depending on their gray values, 
the pixels inside the contour (skin) represent the 
basic types of tissue (conductivities in S/m): fat 
(0.03), muscle (0.1 transv. and 0.7 longitud. to 
fiber direct.), bone (0.016) and connecting tissue 
(0.06). The entire gray scale can be divided into 



several groups where each group stands for a type 

Fig. 2: Geometric 3D-Model of a right human thigh 
built by 51 CT cross-sections between hip and knee. 

of tissue. The potential distribution is evaluated 
with the finite difference method considering a 

conductivity of 10S/m for the electrode material 
(for details see [4, 6]). 

Results 

An example shows the stationary electrical field 
calculated by FES-FIELD in one length-section 
applied by large electrodes of 2 different locations 
(Fig. 3). The electrodes (black) are of rectangular 
shape (8 by 10cm) and placed centered onto the 
thigh. The distance from the center of the proximal 
to the center of the distal electrode is 10cm in case 
1 (Fig. 3, left) and 15cm in case 2 (Fig. 3, right). 
The position of the proximal electrode is kept 
constant in the two cases and the distal electrode is 
shifted 5cm towards distal in the second case. 

 
Fig. 3: Analyse of the electrical field in a CT length section of a human thigh applied by 2 electrodes (black) in 2 
different cases (left: small distance; right: large distance). The electrical field is indicated by equipotential lines (top). 
Activation areas of the muscles (red) are determined either by the terminal activating function (middle) or by the classic 
activating function (bottom). 



The stationary electrical field applied by a 
stimulator with pulse parameter of 80V and 20ms 
is shown by equipotential lines on gray scaled CT 
length sections from the middle of the thigh (Fig. 
3, top). The equipotential lines are equally spaced 
by approx. 7V. In case 2 the electrical field 
distribution over the muscles of the thigh is more 
symmetrically in contrast to case 1 due to electrode 
position. 

The terminal activating function is higher in case 2 
than in case 1 (Fig. 3, middle). The red area 
indicates all possible muscle fiber endings which 
would be over threshold and therefore excited due 
to the stimulation parameter and the field 
distribution. In case 1 the area of activation is 
mostly in quadriceps femoris and would be an 
optimum for knee extension to stand up. In case 2 
also the area of hamstrings are activated, which 
would lead to co-contraction of hamstrings and 
would reduce knee extension force despite of more 
activation in the area of quadriceps than in case 1. 

The classic activating function (Fig. 3, bottom) is 
nearly equal in case 1 and case 2. In case 1 the 
largest area of activation can be observed very 
superficial direct under the fatty tissue near the 
distal edge of the proximal and the distal electrode 
caused by a stronger field distortion than in other 
areas due to the effect of the electrodes itself. In 
case 2 the activation is shifted towards distal and is 
reduced at the distal edge of the proximal electrode 
caused by lower current density due to larger 
electrode distance. The sum of all activated areas is 
very small an would not lead to a proper knee 
extension force for standing up neither in case 1 
nor in case 2. 

Discussion 

In this research the stationary electrical field in the 
human thigh while applying functional electrical 
stimulation to paraplegic patients was simulated. 
One of the initial motivations for developing this 
simulation was being able to determine voltage 
distribution along muscle fibers. Using the 3D-
matrix giving a voltage value for each pixel, the 
voltage distribution along any fiber or path can be 
determined whereof the activating function can be 
calculated. In difference to the classic activating 
function f the terminal activating function f’  effects 
only in the first or the last segment of the muscle 
fiber; everywhere else it is zero. 

The classic activating function alone is useful for 
calculating the excitation of long nerve fibers. In 
contrast to typical muscle fiber stimulation in 
many FES applications the structure of an involved 
nerve fiber is homogeneous and seems to be of 
infinite length at the region of interest. Also for 

single muscle fibers the classic activating function 
can be used, but only in the case of a very short 
distance [7] (up to 1-2mm) of the electrode to the 
fiber. For larger distances the exciting effect from 
an electrode placed over the end of the muscle 
fiber, calculated by the terminal activating function 
is stronger than the effect from an electrode 
positioned in the middle with equal amplitude. 

Most cases for FES in denervated muscle are 
similar to the results in Fig. 3. The electrodes are 
much farther than 2mm from the target fibers, 
which means that the thickness of the fatty tissue is 
more than 1cm. For this reason the exciting effect 
at the muscle-tendon junction is stronger than 
anywhere else along the muscle fibers to force 
action potential and this is the only way to produce 
enough knee extension force for standing up. 
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