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FES Cycling
Rik Berkelmans

Abstract — Many research with functional electrical
stimulation (FES) has been done to regain mobility and for
health benefits. Better results have been reported for FEScycling than for FES-walking. The majority of the subjects
during such research are people with a spinal cord injury
(SCI), cause they often lost skin sensation. Besides using
surface stimulation also implanted stimulators can be used.
This solves the skin sensation problem, but needs a surgery.
Many physiological effects of FES-cycling has been reported,
e.g., increase of muscles, better blood flow, reduction of
pressure ulcers, improved self-image and some reduction of
bone mineral density (BMD) loss. Also people with an
incomplete SCI benefit by FES-cycling, e.g. cycling time
without FES, muscle strength and also the walking abilities
increased. Hybrid exercise gives an even better cardiovascular
training. Presently 4 companies are involved in FES-cycling.
They all have a stationary mobility trainer. Two of them also
use an outdoor tricycle. One combined with voluntary arm
cranking. By optimizing the stimulation parameters the power
output and fatigue resistance will increase, but will still be less
compared to voluntary cycling.

The reason why people with a spinal cord injury (SCI)
are dominating the FES cycling population is that they often
have loss of sensation. To generate with surface electrodes
any power output of the big lower extremity muscles, it is
necessary to use relatively high currents, which feels like
needles stinging the skin. The contraction of the muscle
feels like a cramp and is less painful.

Index Terms—arm cranking, bicycle, electrical stimulation,
exercise, hybrid exercise.

I. INTRODUCTION

I

N 1983 and 1984 different research groups Eichhorn et al.
[3], Glaser et al. [12] and Petrofsky et al. [28, 29]
published their attempts to use functional electrical
stimulation (FES) for cycling. FES walking takes a lot of
effort to reach a speed just over 1 km/h and has a high risk
of falling. FES cycling with a tricycle is much safer.
Cycling is also a more efficient way of transportation,
although the majority of FES cycling is done with stationary
bikes.
In FES cycling the quadriceps, hamstrings and gluteal
muscles are stimulated. Sometimes also the calf muscles are
stimulated. The power contribution of this muscle during
FES cycling is almost zero. But it has been done to
stimulate the blood circulation in the lower legs. All FES
cycles have an angle encoder to measure the crank position.
During a complete 360 degree cycle of the cranks every
muscle has one stimulation period. The stimulation period
of the hamstrings are the most difficult to determine because
it’s a biarticulaire muscle. It flexes the knee and it extends
the hips. These actions are during cycling in total different
periods. The predominant period has to be chosen and
depends on the anatomy and position of the subject on the
bike.
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Figure 1: Shows an example of a stimulation pattern. Zero degrees is right
pedal straight forward. In this case it is used at a recumbent tricycle. The
seat and bottom bracket are almost on the same horizontal level. The
stimulation periods in this example are longer then mostly used. The
muscles from the inner circle outside: L quadriceps, R quadriceps, L
hamstrings, R hamstrings, L gluteus, R gluteus.

By using large surface electrodes the density of the
current (mA/cm2) can be lowered and so the tolerability
improves. Implanted electrodes do not have the problem of
skin sensation, but have the disadvantage of a surgery. A
relatively small surgery is the injection of BIONs [21] these
are injectable microstimulators. Each BION is placed near
the nerve and is controlled by a controller outside the body.
It makes it also possible to stimulate deeper laying muscles
like the Iliopsoas. This muscle flexes the hip but cannot be
directly stimulated by surface electrodes. It can only be
activated indirect by stimulating the withdrawal reflex. The
most important downside of the BION method would be the
costs. Cycling needs at least 6 BION's this would be a quite
expensive method.
To be able to use ordinary FES, the motor units should be
intact so that the stimulation is just triggering the nerve. An
extensive European project, called Rise, showed that even
denervated muscles are also suited to be stimulated. But
without an available nerve the stimulation has to trigger the
muscle fibers directly. As a consequence the electrical
energy (W) needed for stimulation is up to 100 times higher.
The denervated muscles are also more difficult to train.
They need around 3 times the training intensity. In the Rise
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project the subjects where trained to stand and sometimes
walk. Walking proved to be not very practical because the
power output is even worse compared with stimulation of
innervated muscles and the stimulator is much bigger and
heavier. Still the stimulation has a large therapeutic benefit
[1, 18].
II. PHYSIOLOGICAL EFFECTS
In the first two years after the incidence of SCI, bone
density markedly decreases. For instance bone mass in the
proximal tibia equals approximately 50% of normal values
[23]. FES cycling may not reverse these changes, but retard
the progression if training starts in time [11]. To observe
significant change in bone mineral density (BMD), a longer
training period at a high intensity is needed. During a resent
research of Frotzler et al. [6] 11 subjects FES-cycled on
average 3.7 times a week, approximately 1 hour each
session, at each individual's highest power output. After a
year of FES-cycling their results indicate "that high-volume
FES-cycling leads to site-specific skeletal changes in the
paralyzed limbs, with an increase in bone parameters at the
actively loaded distal femur but not the passively loaded
tibia."
The muscle decline is even faster than the BMD, due to
the lack of the ability to use them. Research studies have
clearly indicated that several weeks of progressive FES
cycling training not only induced hypertrophy, but also
markedly improved strength and endurance of stimulated
muscles [7, 37]. This indicates that muscle atrophy is
reversible to some extent [35]. FES training also leads to
changes in muscle fiber composition. The proportion of type
2 muscle fibers (fast-glycolytic) to type 1 muscle fibers
(slow-oxidative) increases as a consequence of SCI. A shift
back to more fatigue resistant type 1 muscle fibers was
found after one year of training [8, 22, 32].
Some research groups, including Glaser, claimed FES
cycling reduced spasticity in SCI individuals. However, the
opinions about spasticity are divided. Spasticity may
become less present, but the spasticity that will occur is
stronger than before, because of improved muscle strength
[17].
Bremner et al. [2] and Glaser [11] reported an increase in
range of motion after FES cycling, which can be useful
when making transfers and performing activities in daily
life.
FES cycling has proven to be a useful tool to regain and
improve some cardiovascular parameters. Peripheral
changes in capillary density and an increase in arterial
inflow are reported by Gerrits et al. [8]. They found
relatively normal vessel diameters after a long period of
FES cycling training. In addition, metabolic and
cardiopulmonary responses increased which resulted in
better blood availability and therefore improved O2 delivery
and removal of metabolic end products.
One of the most important advantages of FES cycling is
the improvement of cardiopulmonary fitness [5, 16, 22, 30,
34]. Endurance levels increase, indicated by increased total
training durations and higher power outputs [30].
Correspondingly, there are significant increases in heart
rate, stroke volume, cardiac output, blood pressure,
pulmonary ventilation and VO2 peak levels [5, 9, 16, 22, 30,
34]. Raymond et al. [34] and Hooker et al. [16] found

higher VO2 peak levels of SCI individuals after 19 weeks of
FES training. FES cycling can regain VO2 peak levels from
50 to 60% of the normal values of able-bodied individuals
[16]. Hooker et al. also reported an increase of 23% in VO2
peak levels after 12 to 16 weeks of FES cycling, two to
three times a week in persons with SCI who were previously
untrained in this activity [14].
In a recent investigation by Griffin et al. [13], significant
reductions occurred in all inflammatory markers tested
(CRP, IL-6 and TNF-alfa). This is the first study to
demonstrate these improvements in the SCI population and
suggests that FES may be an effective mechanism for
reducing the incidence of cardiovascular disease in this
population. It is also important to acknowledge that
elevations in plasma TNF-alfa have been associated with
insulin resistance and type 2-diabetes [31]. Their finding of
an improvement in glucose tolerance and insulin sensitivity
following 10 weeks (2-3 times a week, 30 minutes each
session) of FES cycling with 18 subjects, therefore, could
be, in part, due to lowering of plasma TNF-alfa.
Muscle can also be seen as a valuable tissue, which act as
a cushion. Active muscle encourages good blood flow. Due
to the muscle wasting, pressure sores are prevalent amongst
people with SCI. Pressure sores are demoralizing and can
take many months to heal involving a lengthy stay in bed
[41]. Another important benefit of FES training is its' ability
to reduce the incidence of pressure sores. Petrofsky [27]
reported a 90% reduction of pressure sores in a group of
individuals with SCI who participated in a 2-year FES
exercise program. This reduction improves the quality of
life significantly.
Besides physiological effects has FES cycling also mental
benefits. Due to the activity of the muscles, the body
releases beta-endorphin, which gives the person a good
feeling. Sipsky et al. [36] also ascertained that the majority
of a group of 52 subjects with SCI reported an improved
self-image and that they perceived their appearance to be
better after a period of FES training ranging from 1.5
months to 2.5 years.
III. PHYSIOLOGICAL EFFECTS FOR PEOPLE WITH AN
INCOMPLETE SCI
Less FES research has been done with people with an
incomplete SCI, because they often have sensation below
the lesion. Page et al. [26] developed and tested a FES
cycling protocol for incomplete, chronic SCI subjects: a 2phase, 10 weeks FES cycling intervention occurring 3 days
a week. Phase 1 provided 30 minutes FES cycling sessions
at increasing resistance. Phase 2 required cycling
independently (i.e., without stimulation) at maximal effort
for increasing lengths of time. During all phase 1 sessions,
the subject required stimulation because his mean rotations
per minute (RPM) was consistently below 50. Only after 2
visits in phase 2, the subject was able to sustain adequate
effort to cycle without stimulation (RPM > 50). During this
phase the time the subject was able to cycle independently
increased to eventually 10 minutes.
This cycling training also increased the subject's walking
velocity, mean step length and mean stride length. He also
derived several other functional benefits, including new hip
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flexion that allowed greater ease of transfers to his car and
toilet. He also could discontinue some medications.
During a research of Liu et al. [20] 18 subjects with
various degrees of incomplete SCI were FES cycling thrice
a week for 8 weeks. This resulted in significant increase in
thigh muscle mass after 4 weeks and muscle peak torque
after 8 week period of training. Besides, the more residual
muscle strength there was, the more percentage of strength
was regained.

75

can provide resistance when the muscles have enough
power.

IV. HYBRID EXERCISE
Hybrid exercise, the combination of FES cycling and arm
exercise, simultaneously, has been investigated by a couple
of research groups [4, 10, 11, 15, 24, 33, 34]. They all
concluded that hybrid exercise gives better cardiovascular
training results than arm cranking exercise or FES-cycling
alone; showing higher VO2 (peak) values, greater work rates
and higher stroke volumes. Raymond et al. [34] showed that
the VO2 value was 25% higher during hybrid (sub-maximal)
training compared to arm crank exercise alone (1.58 vs. 1.26
l/min). They also showed a significantly higher work rate
for hybrid exercise compared to arm cranking alone (34.9
+/-7.4 W vs. 29.6 +/-6.3 W) [33, 34]. Researchers were not
consistent about the heart rate response. Hooker et al. [15]
found higher heart rate responses for hybrid exercise in
comparison to FES cycling or arm crank exercise alone.
Raymond et al. [34] found higher stroke volumes, but lower
heart rates during hybrid exercise. Raymond et al.
concluded that the increased venous return of blood to the
heart made it unnecessary to level up the heart rate [34].
Higher magnitudes of responses during the hybrid exercise
improves aerobic capacity better than arm cranking or FES
cycling alone [4, 10, 11, 15, 24, 33, 34].

Figure 2: Stationary FES cycle ergometer. [45]

BerkelBike BV (Netherlands) [38] has three different
models. All of them have voluntary arm cranking and FES
leg cycling. The arm cranking is added for the physiological
effects, to give a higher driving speed and better fatigue
resistance. Two of these models can also be used for
outdoor cycling. One can even be attached to and detached
from a normal wheelchair as shown in fig 3.

V. EXISTING FES CYCLING PRODUCTS
FES cycling is more then 30 years old. For home use it is
much saver and easier than FES walking. Despite the
medical advantages not many SCI patient are using FES
cycling. The last 5 years one company (Electrologic, 2005)
stopped, but 3 companies started to sell FES cycles. At this
moment 4 companies are involved in FES cycling. Due to
their efforts, FES cycling is promoted and becomes more
popular.
Therapeutic Alliances Inc. (USA) [45] is the oldest one.
They brought the first commercial available FES leg cycle
ergometer in 1984 on the market. Patients have to make a
transfer to the immobile ergometer. To ensure movement
from the leg in one plane they use a guider on the upper leg.
A second person has to rotate the legs for 2 minutes to warm
up the legs. Then the stimulation can be started and the
stimulation intensity is regulated to maintain a muscle
driven 50 rpm. If the stimulation intensity has reached 100%
the revolution speed will as a result of fatigue. At 35 rpm
the stimulation will be stopped automatically.
RTI (USA) [44] uses a stationary mobility trainer from
Medica Medizintechnik GmbH [42] and integrate their
stimulation equipment. Hasomed (Germany) [40] does the
same with the stationary mobility trainer from RECK [43],
but they can also put their equipment on an outdoor tricycle
from Hase [39]. Both mobility trainers have a motor inside.
This motor can assist when the muscles are fatigued and it

Figure 3: This bike combines armcranking and FES cycling and is coupled
to a wheelchair. [38]

Stimulation parameters. A lot of effort has been put in to
optimizing the stimulation parameters to boost the power
output and raise the fatigue resistance. The difficulty with
optimization is the almost endless parameter combinations,
table 1.
Table 1. FES parameters
PARAMETER

RANGE

COMMON

FREQUENCY

20 - 60 HZ

30 HZ

MAX. CURRENT

120 - 300 MA

150 MA

PULSE DURATION

0,1 - 1 MS

0,4 MS

PULSE FORM

BLOCK, SINUS, TRIANGEL

BLOCK

MONO- BIPHASIC

BIPHASIC

POLARITY
PULSE TRAIN

RAMP UP, RAMP DOWN, INITIAL DOUBLET RAMP UP

TIMING

START - STOP MOMENT EVERY MUSCLE

-

PRE SET

100 - 150 MS

125 MS
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Each person has his one optimum parameter combination.
The stimulation timing depends not only on the anatomy of
the FES cyclist but also on his position in the chair,
especially the angle in the hip is important.
By optimizing all the stimulation parameters, the power
output of a spinal cord-injured person is still less than that
of an able-bodied person. According to Newham [25] has
most of this difference due to the change of muscle type
after a SCI. An interesting finding is that when healthy ablebodied people perform FES cycling after being temporarily
paralyzed by an epidural anesthetic, they produce
approximately half of the power output achieved at the same
oxygen consumption and heart rate with voluntary effort
[19].
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