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INTRODUCTION 
Modeling of the relationships between neural signals, muscle 
forces and movement kinematics are important aspects of 
human motor control and such models might be applied in 
medical rehabilitation. We develop a model for generation of 
appropriate muscle forces to maintain a desired 
configuration or to change the actual configuration of a limb. 
For this reason in the present paper cycling lower limb 
movements are studied. One issue is the generation of joint 
torques by artificial activation of muscle groups. The same 
stimulation of a given muscle results different joint torques 
depending on the actual crank angle and on the configuration 
of the limb. Here we present how maximal isometric force of 
knee extensors depends on the crank angle during cycling 
lower limb movements performed on a recumbent bike. 
 
 
METHODS 
Forty-one voluntary, healthy subjects (16-33 years aged) 
participated in the study at the National Institute for Medical 
Rehabilitation in Budapest (NIMR). The Ethical Committee 
of the NIMR approved the procedures. 
Subjects were asked to perform pedaling movements on a 
recumbent stationary bike. Movements were recorded by an 
ultrasonic-movement analyzer (ZEBRIS CMS 70P). The 3D 
coordinates of the markers, placed on anatomical landmarks 
of the left lower limb were measured. Kinematic data 
(marker coordinates) were assessed with sampling frequency 
of 50 Hz.  These data were used to approximate the position 
of the rotation centers of the joints as function of time. 
Then intrinsic local coordinate systems were defined (one 
centered in the ankle and one in the knee) with coordinate 
axes suggested by Brand et al. [1]. The centers of these 
coordinate systems were placed into the suitable rotation 
center. These coordinate systems were changing as function 
of time during the movement as the direction of the limb 
segments changed. The geometry of a knee extensor is 
provided as two lines that originate on the proximal and 
distal sites of attachment and are connected through an arc 
(pulley) representing the patella. The spatial coordinates of 
the attachment sites of knee extensor and flexor muscles 
were determined in the given local reference frames. The 
origins of the muscles were determined in the coordinate 
system centered in the knee, the insertions of muscles were 
determined in the coordinate system centered in the ankle.  
Thus the positions of muscle attachments were calculated in 

relation to the joint centers. These intrinsic local coordinates 
were transformed into the extrinsic global coordinate system 
of the 3D movement analyzing system, in which the 
positions of the joints were measured. The latter one is a 
fixed coordinate system, it does not change in time. 
Knowing the global coordinates of rotational centers and 
muscle attachments, muscle length and the speed of the 
change of the length were computed by trigonometric 
equations at each instant (at each recorded sample) during 
the movement. Two muscles, Vastii and Biceps femoris were 
involved for this calculation, the algorithm was applied for 
all subjects’ data. Detailed description is given in [3]. 
As the length (L) of the muscle is known we apply a force-
length characteristic to compute the maximal isometric force 
(Max_i_force) at the given muscle length. Force-length 
characteristics were approximated by parabolic function [4]: 
 
Max_i_force(L)=-4*Fmax*((L-Lmin)(Lmax-Lmin)-1/2)2 +1 
 
The minimal (Lmin) and maximal (Lmax) muscle lengths 
are important parameters of the force-length characteristics. 
These parameters were computed simulating two virtual 
ankle positions, one with a knee angle of 180 degrees (most 
extended knee) and one with 30 degrees (most bended knee). 
These virtual positions were calculated using 3D vector 
transformations and the centers of the intrinsic coordinate 
systems were placed into these virtual ankle position. The 
external coordinates of insertions of muscles were computed 
by a transformation from the intrinsic coordinate system to 
the external one. Then the muscle length algorithm was used 
to calculate Lmin and Lmax. E.g. for Vastii muscles the 
Lmin corresponds to 180º intersegmental angle in the knee 
and Lmax corresponds to 30 º. 
In the above equation, Fmax is the maximal isometric force 
of the studied muscle of the individual subject. To get the 
value of Fmax we measured maximal isometric torque (MiT) 
with the Multicont II (Tihanyi System) dynamometer. First 
the maximal dynamic torque during knee extension and 
flexion was measured in the range of 60º-180º with a 
constant angular velocity of 15º/sec. The MiT was associated 
to that knee angle in which the largest dynamic torque was 
assessed. The MiT was then measured at this position. Fmax 
for M. Vastii is given by dividing MiT with the moment arm 
of the muscle. The position of the knee’s rotation center is 
altering respect to the knee angle. In our model this effect 
wasn’t represented, so a fixed rotation center was estimated, 



with a constant joint radius (Figure 1.). The radius of the ball 
representing the knee has been set to .045m and the moment 
arm of the Vastii muscles is supposed to be .045m. 
 

 
Figure 1: A schematic presentation of the knee model and 
the Vastii muscles.  
 
 
RESULTS AND DISCUSSION 
Muscle length (L) is changing during each cycle according 
the crank angle. This relation is presented for the Vastii 
(Figure 2). Crank ankle is zero when the pedal is in the 
highest position. Muscle length - crank angle relation is 
obtained from measured crank angle and computed L. 
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Figure 2:  Muscle length of the subject K14’s Vastii muscles 
as function of crank angle. 
 
Crank angle determines the configuration of the lower 
extremity and joint configuration determines muscle length. 
The crank angle, through muscle length, determines MiT 
(Figure 3). Maximal isometric torque - crank angle relation 
is obtained from measured crank angle and computed MiT 
due to the above equation. 
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Figure 3: Maximal isometric torque of the subject K14’s 
Vastii muscles as function of crank angle during one cycle.  
 
Lmin and Lmax were calculated as mentioned above. For the 

subject whose data are presented on figure 2 and 3, Lmin 
=282mm and Lmax=400mm and optimal muscle length is 
341mm. During the execution of the cycling motor task the 
extensor was always longer than the optimal length. The 
range of the length remains between the maximal and 
optimal length. At the beginning of the cycle while the 
extensor’s length is decreasing the maximal isometric torque 
is increasing. The length approaches and almost reaches 
optimal muscle length. Then the length starts to increase and 
MiT decreases.  
Knee extensors generate rotation only on a certain range of 
knee angles that is when the muscle shortens. For the rest, 
the Vastii forces may only stabilize the joint.. 
 
CONCLUSION 
Assume that one is able to compute the muscle force that is 
required for the pedaling movement at a certain crank angle. 
This force divided by the maximal isometric force at the 
given crank angle, results the relative (normalized) force that 
should be generated by the muscle at that crank angle. This 
is useful if one wants to generate the required muscle force 
by artificial muscle excitation. The same absolute force can 
be reached by different excitation level at different phases of 
the movement. For instance to generate a given force at 
crank angle 180º requires lower excitation level than at crank 
angle 300º. The reason is that at 180º the maximal isometric 
force is high meaning that the force production capacity of 
the muscle is high, thus lower intensity of muscle activation 
is able to produce a given magnitude of muscle force.  
We provided a tool that helps to find the neural activity level 
for generating cycling movements by taking into account 
that the same neural excitation generates different size of 
muscle activity during one cycle depending on the crank 
angle. It is a question of further investigation how the crank 
angle and muscle contraction velocity relates. 
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