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Abstract—Training with Functional Electrical Stimulation (FES) 

has both physiological and psychological benefits for spinal cord 
injured subjects. Commonly used methods for quantification of 
spasticity have shown controversial reliability. In this study we 
propose a method for quick determination of spasticity in spinal cord 
injured subjects on a cycling and measurement system. 23 patients 
did training sessions on an instrumented mobile FES cycle three 
times a week over two months as part of their clinical rehabilitation 
program. Spasticity (MAS) and the legs resistance to the pedaling 
motion were assessed before and after the FES training and 
measurements were done on the subjects ability to pedal with our 
without motor assistance. Measurements with test persons with 
incomplete spastic paraplegia have shown that spasticity is decreased 
after a 30 min cycling training with functional electrical stimulation 
(FES). 
 

Keywords—Spasticity, paraplegia, spinal cord injury, functional 
electrical stimulation.  

I. INTRODUCTION 
HE activation of lower limb muscles through FES is an 
important supporting therapy for persons with complete or 

incomplete paraplegia. The contraction of the paralysed leg 
muscles increases perfusion of the lower limbs and improves 
the cardiovascular condition and the pulmonary system [1, 2]. 
Additionally, muscle mass [3] and bone density increase when 
FES is performed continuously [4,5]. Spasticity is a common 
problem among paraplegic subjects that can cause pain, lead 
to unwanted movements or prevent intended movements. 
Lance [6] defined spasticity as a motor disorder that is 
characterised by a velocity dependent increase in the tonic 
stretch reflex with exaggerated tendon reflexes. For 
quantification of spasticity manual scales, biomechanical 
techniques, or neurophysiological methods have been applied. 
Manual scales as the Ashworth Scale/Modified Ashworth 
Scale (MAS) are most commonly used but have shown little 
reliability [7]. Krause et al [8] found that FES cycling training 
reduced spasticity (determined by MAS and pendulum test) in 
spinal cord injured (SCI) subjects. 

The aim of this study was the assessment of spasticity in the 
lower extremities using the pedaling mechanism of a cycling 
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system for paraplegics [9] and the influence of cycling 
training with Functional Electrical Stimulation (FES) on 
spasticity in SCI subjects. 

II.  METHODS 
A. The Cycling and Measurement System 
The cycling and measurement system is based on a tricycle 

that was especially adapted for the FES training of paraplegic 
subjects. As the basic frame for the described FES- cycling 
system a standard tricycle (AnthroTech) was adapted (see Fig. 
1a). For easier transfer from a wheelchair to the tricycle the 
right steering handle can be dismounted by opening a quick 
clamp. Additionally a transfer board can be hugged on to the 
frame. A motor that is mounted underneath the crank beam 
can move the cranks at a given angular velocity or hold the 
cranks at a defined position (Fig. 1b). Orthoses support the 
legs and fix the ankle joints (Fig. 2). 
 

 
(a) 

 

 
(b) 

Fig. 1 (a) Trainings- and measurement system for FES-cycling (b) 
drive unit at the cranks  
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Fig. 2 Orthoses for leg stabilization on the pedals 

 
A ten-channel current controlled stimulator stimulates three 

muscles/muscle groups of each leg (Quadriceps, Hamstring, 
and Gluteus Maximus) via attached surface electrodes. The 
motor current is measured that is needed for the control of the 
movement of the cranks and is in relation to the resistance of 
the legs against the movement. 

Fig. 3 shows the cycling and measurement system during a 
test session and a schematic of the control.  

 

 
(a) 

 

 

(b) 

Fig. 3 The cycling and measurement system during measurements (a) 
and schematic of control (b) [10] 

 

B. Measurements 
Each therapy session followed the training protocol as 

llustrated in Fig. 4. The pre-training phase starts with the 
spasticity assessment according to the Modified Ashworth 
Scale (MAS) carried out by the therapist. After the transfer 
from wheelchair to the training system and the attaching and 
connecting of the surface electrodes (Axelgaard CF5090, 2 x 
9cm) the therapy phase is started with the spasticity test 
routine.  This is a three minute test where the legs of the 
patient are passively propelled at 6 isokinetic cadences.  The 
system performs eight crank turns at 10, 20, 30, 40, 50 and 60 
rpm and records the induced drive current. The peak value of 
the joint angular velocity at the knee joint is 30 °/s at 10 rpm 
and 200 °/s at 60 rpm at the hip joint 24°/s and 140 °/s, 
respectively. A program written in LabView 7.0 (National 
Instruments, Texas) processes the data and gives a mean 
resistance value for each crank angular velocity.  

After 5 minutes of warm up where the cranks are moved 
with 30 rpm and low density stimulation (amplitude 20 mA) is 
applied to the leg muscles the training is continued with 5 
minutes of isokinetic training. There the patient is asked to 
propel actively and a supporting stimulation is added in a 
pattern as pictured for the right leg in Fig. 3. The applied 
stimulation consists of rectangular biphasic pulses with a 
frequency of 50 Hz and pulse duration of 600µs. The 
amplitude is set to a level were the stimulation is not 
uncomfortable for the patient but a contraction of the 
stimulated muscle group occurs.  

Subsequently the patient is asked to pedal as strong as 
possible during 10 isokinetic crank revolutions without 
stimulation and the averaged power output generated by the 
active muscle forces is calculated. The pedals are moved at 
constant angular velocity by the motor. Performed at 30 rpm 
this power output test mainly gives evidence of the patient’s 
muscular strength and at 60 rpm the additional coordinative 
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aspect is accented. Regular performance of the tests over the 
time period of 2 months allows monitoring the rehabilitation 
progress of each individual patient.  

Next a 5 minute training with constant motor torque and 
FES is performed (constant torque training), where the motor 
supports or brakes the system with constant torque depending 
on the physical abilities of the patient. The motor support or 
motor resistance is set by the therapist in a current range of +/- 
1000 mA to enable the patient a smooth pedaling. Before the 
concluding spasticity test, the isokinetic training is repeated 
for 5 min. 

 
Fig. 4 The three phases of the therapy session [10] 

III. RESULTS 
Nine test persons with incomplete spastic paraplegia 

volunteered for the study and gave informed consent. The 
results of 7 to 14 training sessions were averaged for each 
patient. Fig. 5 shows a comparison of the averaged results of a 
non-spastic test person (MAS 0) and a test person with an 
average MAS of 1.5 that dropped to 1.2 after the FES training. 
For non-spastic subjects resistance was usually slightly 
decreased after the FES training over the whole range of 
velocities, the curves run in parallel (Fig. 5a). Basically, the 
increase due to inertia is the same before and after the FES 
training. Consequently, if the difference between the two 
curves increases at higher velocities as in Fig. 5b, it can be 
assumed that the ‘increase in difference’, meaning the 
difference at 60 rpm minus the difference at 10 rpm originates 
from the spasticity that increases with velocity. 
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(b) 

Fig. 5 Comparison of averaged results of a non-spastic test person P1 
(a) and test person P3 with MAS 1.5 (b) on average before the FES 

training 
 
Fig. 6 shows the reduction of spasticity for all nine test 

persons, that was calculated as the reduction of necessary 
drive power by the motor for control of the crank speed due to 
the lower resistance torque. Test person P3 reaches the highest 
value, 7 W, for the non-spastic test person P1 the value is 0. It 
can be seen that the reduction of resistance significantly 
increases with cadence for the subjects with spastic SCI, 
whereas  there is only a slight increase in the healthy subjects 
and subjects with nonspastic SCI. 

IV. CONCLUSION 
The introduced system offers multifunctional equipment for 

FES-cycling therapy. Used in rehabilitation centres it should 
provide an additional attractive therapy tool. Due to the force 
measurement and the automated data processing the therapy 
progress can be well monitored. The proposed method of 
spasticity assessment has the advantage, that the spasticity of 
both hip and knee joints is included. Angular velocities at both 
hip and knee have a cyclic pattern, what is similar to natural 
movements as walking. The results of the spasticity 
assessment show that the resistance of the legs to the passive 
pedaling movement is decreased in the spastic group after the 
FES training. The relaxation increases with velocity, what 
indicates that spasticity may be decreased. These results agree 
with the findings of Krause et al. [8]. The result of the able-
bodied group showed slightly higher values than the non 
spastic patient group which may be caused by the difficulty to 
relax completely when being pedaled during the assessment. 
To quantitatively assess spasticity with the described approach 
and to find related long term effects of FES cycling on 
spasticity further research will be necessary. 
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Fig. 6 Bar chart of the reduction of resistance [W] over the crank cadence [rpm] for three groups of subjects. Group A: SCI with MAS ≥1 

(spastic), able-bodied group (B) and SCI group (C) with MAS <1 (non-spastic) 
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