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Introduction
We use functional electric stimulation (FES)
in the treatment of spinal cord injured patients
since 2005, in pursuance of this we use a stimulator and electrodes to make the paralyzed
muscles of the lower limb drive the pedal of a
stationary bicycle1,2,3. The stimulation pattern
for this device is developed by studying muscle
activity patterns of healthy subjects. The
healthy muscle geometry can only be measured with expensive diagnostic devices/methods (MR, CT). Our aim is to develop a method,
based on kinematic data (coordinates of ultrasonic markers) accessible by movement analyzing systems and it describes mathematically
the changes of the muscle geometry during
movements, in our case during cycling lower
limb movement. We discern relations of geometrical changes and muscle activities.

Figure 1. A subject during the measurement
(the colored points show the places where
the markers were placed)

in the sagittal plane directed forward, and z is
perpendicular to the x-y plane directed upward.
This system has widely been used in studying
multijoint movements4,5,6. Kinematic data
(marker coordinates) were assessed with sampling frequency of 50 Hz.

Methods
First, 3D coordinates of the markers, placed on
anatomical landmarks of the left lower limb
(Figure 1.) were measured. The measurement
device was an ultrasonic movement analyzing
system (CMS 70P, Zebris, Isny, Germany)
that locates the place of ultrasonic speakers
using three ultrasound sensitive microphones.
This system applied a 3D coordinate system:
the X-axis is horizontal in the frontal plane
directed medial to lateral, Y-axis is horizontal

Then intrinsic local coordinate systems were
defined (one in the ankle and one in the knee),
the origo of these coordinate systems were
placed into the suitable rotation center.
To localize the rotational center in the knee,
the coordinates of the marker placed on the
lateral epycondyle were translated along the
X direction with half of the distance of the lateral and medial epycondyles. In the ankle the
coordinates of the rotational center was com-
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puted from the coordinates of the marker
placed on the lateral malleolus by translating it
with 30 m along the X direction. This distance
was a theoretical approximation of half of the
distance of the lateral and medial malleoli.
The hip rotational center was localized translating the coordinates of the marker placed on
the greater trochanter along the X axis with
60 mm. This distance was a theoretical approximation.
Three axes were defined in the knee (the orig
is in the rotational center): the Y-axis was
pointed to the rotational center of the hip, the
X-axis was pointed to the lateral epycondyle
(where the marker was placed), the Z-axis is
the cross product of the Y- and X-axes. Then
three axes were defined in the ankle: the Y-axis
was pointed to the rotational center of the
knee, the X-axis was pointed to the lateral
malleolus (where the marker was placed), the
Z-axis is the cross product of the Y- and Xaxes.

The spatial coordinates of the attachment
points of the muscles were determined in these
coordinate systems as function of time. Data
from literature7,8 were used to compute the
location of muscle attachments. The muscle
length and its speed of change can be computed by trigonometric equations during the
whole time of the movement. The algorithm
was applied on 41 healthy subjects. The length
and its change as a function of time of the subjects’ Quadriceps and Biceps femoris were calculated using the received data during the
movement (Figure 2 and 3, Equation 1 and 2).
M l = a M + f M + iM
aM = a 2 - R 2
fM =

(1)

f 2 - R2

iM = R ⋅ β

β = 2Π − (α + α1 + α 2 )
⎛R⎞
α1 = arccos⎜ ⎟
⎝a⎠
⎛R⎞
α 2 = acos⎜⎜ ⎟⎟
⎝f⎠

(2)

Figure 2. The schematic
3D figure of the
algorithm used for
the computation of
the length of
the Quadriceps

Y-axis

X-axis

Figure 3. Two of the
axes defined in
the intrinsic coordinate
system of the knee,
the third one (Z) is
visible on figure 2.
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Results
It was observed in the case of the Quadriceps
(Figure 4.), that the largest extension of the
muscle (largest length) coincides with the
largest electric activity of the muscle (the maximum of the EMG curve), so the muscle activity is highest at the maximal length of the
muscle.
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In the case of the Biceps femoris the highest
electric activity can be observed during the
extension of the muscle (Figure 5.). From our
data, it is obvious that the maximum length
of one of the observed muscle coincides with
the minimal length of the other, antagonist
muscle.

Figure 4.
The measured
EMG and the
computed
muscle length
data of subject
K01’s left
Quadriceps
muscle during
the cycling
movement

Muscle length [mm]

Where Ml is the muscle length, iM is the section of the muscle that belong to the patella, fM
is the section of the muscle from its origin to
the patella, aM is the section of the muscle from
its insertion to the patella (patella ligament),
a is the distance between the rotation center
(O) and the insertion of the patella ligament
(PI), f is the distance between the rotation center and the origin of the muscle MO, R is the
radius of the knee, PI is the insertion and PO is
the origin of the patella ligament, α is the knee
angle (spanned by a and f), α1 is the angle
spanned by the vectors OPI and OPO, α2 is the
angle spanned by the vectors OMI (MI is the
insertion of the muscle) and OMO, β is the
angle belonging to the ark (iM), all angles were
used in radian.

Figure 5.
The measured
EMG and
the computed
muscle length
data of subject
K01’s left
Biceps femoris
muscle during
the cycling
movement
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Conclusion

Discussion

Observing the electric activity and length
of Quadriceps, the following contexts were
deduced:

Anthropometric data of individual subjects are
required to define appropriate electrical activity patterns and forces of muscles rotating particular joints. Muscle synergy depends on
muscle geometry. Thus the quantitative analysis of changes in muscle length is essential to
define stimulation patterns for functional electrical stimulation of people with paralysed
limbs. The relation between joint rotations
and muscle length is studied for healthy subjects11. Based on this approach we proposed
spatio-temporal cooperation of knee flexor and
extensor muscle.

• When the muscle shortened maximally the
length of the muscle begins to extend
through the effect of the antagonist muscles
(or through other force, that is in terms of
the examined muscle exterior strength)
• Due to the extension, and the regulation of
the motion (to increase the stability) electric
signs arrive into the muscle, this leads to the
deceleration of its length change
• Under the maximum electric activity of the
muscle (at the maximum of the EMG curve)
the extension of the muscle stops, indeed the
muscle begins to contract
• Decreasing electric activity was observed
during the contraction, what can be
explained with the muscle force of the other
lower limb. For example the Quadriceps
shortening not ensues only because of his
own effort but the effort of the Biceps femoris of the other lower limb. Thus, it is not
necessary to produce high electric activity
(force) to maintain the motion, it is more
necessary during the switch between stretching and shortening, when the contraction
begins in the required muscle.
The electric activity of the Biceps femoris muscle shows that this muscle plays an important
role in the regulation of the motion thereby,
that its activity is maximal at the time when
the velocity of the stretching grows, so its activity makes the knee not to bend but it sets back
the extension of it9,10.
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With the calculated contexts, the stimulation
pattern used in the FES treatment of the spinal cord injured patients is modifiable. The
therapy becomes more efficient thereby, that
an artificial pattern was provided, which is
biologically inspired and it takes notice of individual anatomic data. There is an infinity of
different combinations of muscle activities to
perform a motor task as cycling. The proper
coordination and regulation of such movements may depend on geometric properties
and may be enhanced by studying muscle synergies using theoretical approaches even without expensive experiments12. However in our
knowledge no detailed quantitative analysis of
muscle coordination is given for cycling lower
limb movements. Our presented method is a
research tool for further development of artificially designed muscle activity patterns. The
next step is to establish 3D muscle forces
required to execute a planned movement of
a limb with given muscle geometry.
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