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Abstract 

Two paraplegic subjects performed FES 
cycling during constant stimulation of their 
knee extensor muscle groups. Force 
measurements were obtained at both pedals in 
the radial and tangential directions. These 
measurements were used to determine ranges 
for which positive torque is produced, as well 
as to quantify the significance of radial – 
wasted - forces. By considering radial forces 
in addition to tangential forces or torque, we 
are able to obtain a more accurate view of the 
actual forces involved in cycling. 

The ratio of the tangential force to the total 
applied force is suggested as a measure to be 
used for designing individually adapted 
stimulation patterns. A new controller strategy 
based on this value is proposed.  

 

1. INTRODUCTION 

Over the last several years, Functional 
Electrical Stimulation (FES) has been used to 
reactivate paralysed muscles. Among the more 
efficient exercises for cardiopulmonary fitness 
is FES Cycling, in which FES is used to 
activate the muscles involved in bipedal cycling 
in a synchronised manner. 

There are two primary obstacles in using FES 
for mobile cycling: (1) paralysed muscles are 
only able to achieve a fraction of the power a 
similar muscle would produce in a healthy 
person; (2) paralysed muscles tend to fatigue 
significantly faster than healthy muscle.  

One way of making the most of the available 
power is to modify the start- and stop criteria 
(hereafter referred to as stimulation pattern) for 
the activation of the involved muscles. 
However, by optimising the stimulation pattern 
for power so that a subject may be able to e.g. 
climb a hill, fatigue may be worse than with a 
different pattern.  

Several methods have been attempted to 
produce a feasible stimulation pattern for FES 
cycling. Perkins and colleagues [1] used a 
subject-centred approach by measuring static 
forces with a spring balance at likely crank 
angles, and offsetting these angles with a fixed 
delay to account for muscle activation 
dynamics.  

Petrofsky [2] transferred results from able-
bodied people to the SCI population by using 
EMG-measurements from healthy subjects 
during cycling to determine the stimulation 
patterns. This requires the assumption that 
electrically stimulated muscles produce a 
similar dynamic reaction to voluntary 
activation. In addition to physiological 
differences between the SCI population and 
healthy subjects, inter-subject variations are 
also neglected.  

Chen et al. [3] designed patterns based on a 
combination of mathematical models and 
measurements. Stimulation patterns were 
designed to overcome the two dead spots and 
oppose the gravitational potential of the legs. 
However, the muscles are not necessarily at 
their highest efficiency in those intervals, which 
may lead to inefficient use of muscles and rapid 
fatigue.  

Idsø et al. [4] determined the optimal 
stimulation interval for a fixed cadence and 
work rate by minimising the metabolic energy 
cost relative to the performed work of cycling. 
They concluded that a higher stimulation 
intensity performed over a shorter stimulation 
interval is metabolically more optimal than a 
lower intensity over a longer interval. However, 
this interval should not be so short that it causes 
jerky motion, since that in itself reduces 
efficiency. 

Ferrante et al. [5] recently performed a 
quantitative evaluation of stimulation patterns. 
By stimulating individual muscle groups over 
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the entire revolution, while maintaining a 
steady cadence with a motor, they were able to 
measure the dynamic torque applied to the 
crank from each muscle group as a function of 
crank angle. By evaluating the contribution of 
the muscles, they were able to identify the 
ranges where torque is positive. Ferrante’s work 
is limited to analyzing the torque applied at the 
crank and does not consider the radial forces. 

In this paper we present similar results using a 
more elaborate force-sensing mechanism which 
allows us to measure forces in two orthogonal 
directions on each pedal. We show that this 
information is valuable when determining a 
stimulation pattern, and may be used as 
foundation for a new controller algorithm. 

2. METHODS 

A recumbent tricycle was modified for FES 
cycling. A 10-bit digital shaft encoder was used 
to measure the crank angle. Orthoses were 
attached to the pedals to fix the ankles. An 
electric motor was mounted between the crank 
and the rear wheel and maintained a steady 
cadence via feedback control. The rear wheel 
was mounted on a trainer from Tacx. A laptop 
running Matlab Simulink in Linux was 
connected to the tricycle via an interface control 
box. A Stanmore 8-channel stimulator was 
connected to the laptop via an optically isolated 
RS-232 cable.  

 
Figure 1: A 10-bit shaft-encoder was mounted to a 
cogwheel rotating at the same speed as the crank. 
Powertec force sensors were mounted to the pedals. 

A set of Powertec force-sensing units were 
mounted between the pedals and the crank. A 
mathematical calibration was performed to 
eliminate cyclic repeatable errors, alignment 
errors and non-orthonormality of the sensors.  

Two paraplegic subjects with a T4 and a T4/5 
motor-complete spinal cord injury (see Table 1) 
provided written, informed consent for 

participation in the study. The study was 
approved by the Ethics Committee of King's 
College London.  

Both subjects have previously had their own 
stimulator individually programmed for use at 
home. These settings were used in the 
experiments. Stimulation levels at threshold and 
saturation are referred to as 0% and 100%.  

# Age 
(yrs) 

Height 
(cm) 

Weight 
(kg) 

Lesion 
level 

Date of 
injury 

1 40 188.0 66.7 T4/5 08/93 
2 44 172.7 76.2 T4 06/00 

Table 1: Both subjects were males with complete 
lesions in the mid-thoracic region.   

When the subjects had transferred to the trike, 
the electrodes were placed on the knee 
extensors, knee flexors and hip extensors. A 
warm-up at 20% stimulation using the start- and 
stop angles defined in the subject’s own 
stimulators, was performed at 50 rpm motor 
controlled cadence for five minutes.  

The constant contraction phase was then 
started. During this phase, the knee flexors were 
stimulated continuously throughout the cycle 
while the stimulation intensity was slowly 
increased from 0% in steps of 5% or 10%. No 
stimulation was applied to the other muscle 
groups. Cadence was kept constant at 50 rpm. 

Special consideration needs to be paid to the 
safety of the subjects: Eccentric contraction of 
muscles can potentially result in much stronger 
forces applied to the skeleton via the tendons as 
compared to regular concentric contractions. In 
order to reduce the risk of bone fracture and 
tendon tearing, the absolute maximum level of 
stimulation intensity was set at 30%. 

The test was performed twice for each subject 
on consecutive days. 

3. RESULTS 

Using spline-approximations, we calculated the 
active forces that are a result of stimulation as 
the difference between the forces measured 
during 20% and 0% stimulation. 

Figures 2a and 2c show the resulting tangential 
(solid) and radial (dashed) active forces from 
test 2 for subject 1 for the right and left legs, 
respectively. Positive values are in the forward 
direction for tangential forces and in the 
outward direction for radial forces.  

Generally speaking, we want to apply 
stimulation such that we obtain muscle 
contraction in the areas where the active force is 
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positive. However, in some parts of these areas, 
the radial forces resulting from the same 
stimulation may be large, which means that 
contractive energy from the muscle is wasted. 
Figure 2b shows the ratio of the tangential force 
to the total applied force for the right leg, i.e 

22
rtt FFFfr += where fr is the force ratio, 

Ft is the tangential force and Fr is the radial 
force. Obviously what we would be more 
interested in is the ratio of the tangential force 
to the actual force exerted by the muscles. But 
considering the difficulty in measuring the 
latter, using simple measurements of radial 
forces may be a good alternative. 
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Figure 2: a) and c) show the tangential (—) and 
radial (---) active forces at the right and left pedals, 
respectively. Units are in Newtons. b) and d) show 
the ratio of the tangential (“driving”) force to the 
total applied force at the pedals.  

An interesting phenomenon can be observed 
from Figure 2: Instead of dividing the curve for 
the tangential force into two distinct areas 
where one is negative and one is positive, the 
force drops below 0 after first reaching a peak 
at around 120°, but then increases again and 
reaches another brief peak at almost the same 
level 90° later. This is even more evident in 
Figure 2b. Some possible reasons for this are 
reflex actions from hamstrings and calf 
muscles, and potential triggering of antagonist 
muscles. This should be further investigated. 

4. DISCUSSION AND CONCLUSIONS 

The determination of stimulation patterns is 
presently a time-consuming task. Simulation 
models may be of some assistance, but no 
mathematical model will be able to account for 
all the individual variations among subjects. 
Therefore, an efficient experimental method 

which allows individually designed stimulation 
patterns may be valuable.  

Based on the work of Ferrante [5], we have 
investigated the active forces acting on the 
pedals during cycling.  Our findings indicate 
that knowledge of torque or tangential forces 
alone is not enough to decide on areas where 
stimulation should occur. Figure 2 shows that 
the peaks of the tangential force and the force 
ratios generally do not coincide.  

Based on the principle of having stimulation 
patterns of minimal length presented by Idsø et 
al. [4] and the results in this work, we propose 
the following method to select a stimulation 
pattern: Let a virtual circle exist in the 
boundary between the zero crossover line and 
the peak of the force ratio curve. The 
stimulation pattern is selected based on the 
intersection points between the circle and the 
curve. Make the circle as large as possible 
while still being able to maintain the required 
power output with a relatively high stimulation 
intensity. This should keep the resulting interval 
in the area of highest efficiency while keeping 
the pattern short in accordance with [4].  

Further studies should be performed to design 
and evaluate the efficiency of a controller 
which makes use of the measurements 
presented in this paper.  
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