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ABSTRACT

Objectives. To investigate the nature of the force–velocity relationship on muscle forces and power outputs
during functional electrical stimulation (FES)-evoked cycling at different pedaling cadences. Materials and
Methods. Ten patients with T4–T9 spinal cord injuries (ASIA A) performed FES-evoked cycling at 50 rev/
min using a motorized isokinetic ergometer for 20 min, after which quadriceps crank torque and power were
measured at 10, 30, and 50 rev/min. Results. Pedal cadence affected both the shape and the magnitudes of
the quadriceps torque and power curves. Significantly greater average torque (T) and peak crank torques
(PTi) were elicited at lower pedal cadences (T10 > T50, p < 0.001; PTi10 > PTi50, p = 0.007). Instantaneous peak
power (PPi) and average power output (PO) increased significantly with pedal cadence, such that PPi50 and
PPi30 > PPi10 (p < 0.001) and PO50 or PO30 > PO10 (p < 0.001). At the higher cadences, peak torque and peak
power were developed at significantly later angles (p < 0.001). Conclusions. The force–velocity relationship
of muscle has a significant effect upon the muscle forces produced during FES-evoked cycling. However,
muscle force rise times and fatigue within FES-evoked contractions, especially at a low cadence, should be
considered when making comparisons between different FES-cycling cadences.
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Introduction
Individuals with a spinal cord injury (SCI) can
receive significant health benefits by undertaking
regular functional electrical stimulation (FES)-
elicited exercise (1). A common and popular

exercise mode is FES-evoked cycling, whereby a
computer system electrically stimulates paralyzed
muscles to produce a repetitive cycling motion.
However, the intensity of FES exercise is not
sufficient to induce continuous gains, and patients’
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performances often plateau after a few months
of training (2). Previous FES research has focused
upon training protocols (3), control algorithms
(4), stimulation patterns (5), or biomechanical
analysis (6,7) to improve the intensity and/or
duration of training that can be maintained.
The primary reason for the lack of exercise
“dose-potency” is likely the onset of premature
muscle fatigue after significant post-SCI atrophy.
The fatigue rate during electrical stimulated
contractions is much higher than during volitional
contractions (8). In addition, chronically paralyzed
muscles are less fatigue resistant than an intact
neuromuscular system (9).

Recently, traditional pedaling cadences (i.e.,
50 rev/min) were shown to significantly increase
the rate of muscle fatigue compared to slower
pedaling cadences (i.e., 20 rev/min) during
FES cycling (10). In addition, over 35 min of
FES cycling, 50 rev/min elicited lower crank
torques, implying that the muscle forces
induced, also were lower (10). Additionally,
pedaling cadence determines the muscle con-
traction velocity that occurs during cycling. For
concentric contractions, the force–velocity
relationship of muscle describes the decrease in
muscle force that is observed as the velocity of
limb movement increases (11). Previous studies
using electrically evoked knee extension of non-
paralyzed muscles have shown that electrically
stimulated muscle also follows the force–velocity
relationship  (12–14). Hence, a significant propor-
tion of the increased torques generated during
low cadence FES cycling (10) may have been
attributed to the force–velocity relationship of
paralyzed muscles.

The research (10) that compared crank torques
across different pedal cadences used fixed
stimulation angles. The assumption that crank
torque is a good indicator of muscle force may be
challenged when comparing different pedaling
cadences, if fixed stimulation angles are used,
since muscle force rise and decay times shift the
crank angles where muscle force is applied. If
peak force is maintained until the crank angle
where the muscle is at the greatest biomechanical
advantage for producing torque, then peak crank

torque should be proportional to the peak
muscle force. However, before the angle that
produces maximum crank torque is reached,
greater force “drop-off” could occur during the
longer contractions at the lower cadences. To
address these concerns, stimulation angles could
be adjusted for pedal cadence, for example, by
applying stimulation earlier during higher cadence
FES cycling. However, accurately adjusting the
stimulation angles is difficult and complex;
precise prediction of muscle force rise times and
a biomechanical model of FES cycling would be
required (14–16). Additionally, muscle force rise
times might vary between individuals or with
contraction velocity.

Purpose and Objectives
The purpose of this study was to determine
whether the force–velocity relationship of muscle
applied to patients with SCI who participated in
FES-evoked cycling. A secondary objective was
to establish how accurately crank torque might
be used to compare inferred muscle forces
generated at different FES-cycling cadences.

Methods

Cycle Ergometer
A custom-designed semirecumbent motorized
isokinetic FES cycle ergometer (17) was used in
this experiment. Cycling cadence was controlled
by the motor and was not dependent on stimu-
lated muscle forces. This ergometer allowed
a wide range (i.e., 5–60 rev/min) of cycling
cadences to be investigated. The ergometer also
enabled the calculation of instantaneous torque
production and power output based on motor
electrical current.

Patients
Ten complete (ASIA A) SCI patients were recruited
for this experiment. All patients have thoracic
spinal cord lesions between T4 and T9, and
were in the age range of 23 to 55 years (mean ±
SE; 36.3 ± 10.9 years). The patients had been
post traumatic spinal cord injury for a minimum
of two years. They were familiar with FES-evoked
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cycling and all had been cycle training two to
three times per week for at least three months.
Each subject gave informed consent prior to
participating in this research.

Functional Electrical Stimulation
Skin-surface self-adhesive electrodes were placed
proximal and distal to the mid-belly of both
quadriceps muscles. The neuromuscular stimula-
tion was amplitude modulated from 0 to 140 mA
with a fixed frequency of 35 Hz and 250 µsec
pulse width.

Experimental Protocol
Patients performed isokinetic FES-evoked cycling
at 50 rev/min for 20 min. Stimulation amplitude
was increased to 140 mA within the first few
minutes and cycling was continued at 140 mA
for the remainder of the trial. Data collection
commenced after a 20-min “warm-up.” A previous
FES-evoked cycling study had demonstrated
that fatigue rate was highest in the first 5 min,
and that changes in stimulated muscle power
outputs were lowest after 15–20-min cycling (18).
Hence, measurements were made after 20 min
because fatigue rate was expected to be less.
Only the quadriceps muscles were stimulated,
because this simplified the torque production
and power output measurements and allowed
calculation of power or torque vs. crank angle
curves. Stimulation angles were fixed for con-
sistency and practicality, regardless of cadence,
because published biomechanical models were
not available to confidently calculate corrected
stimulation angles. The quadriceps muscles were
stimulated from 300° to 60°. Zero degrees crank
angle referred to the crank at top dead center
position for right and left pedals, respectively.

Torque and instantaneous pedal velocity
measurements were made at cadences of 10, 30,
and 50 rev/min. Each measurement trial involved
1 min of sampling performance data at 60 Hz
(i.e., instantaneous torque, velocity, and crank
position) from the FES ergometer at a set cadence.

The minute of data sampling comprised 1) 12 sec
with no stimulation applied (passive cycling), 2)
36 sec of FES-evoked quadriceps cycling (active),

and 3) a final 12 sec of passive cycling. Passive
cycling measurements were recorded to calcu-
late “net” torque production and power output
from motor current, as has been previously
described (17). Briefly, the torque during passive
cycling was subtracted from torque when quad-
riceps muscles produced force on the pedals to
calculate net torque. Two periods of passive cycling
were made to check for changes that might have
occurred because of alterations in leg tonus,
muscle warm-up, spasticity, and seating position.

The measurement order was sequenced so that
any fatigue during the measurement period
would not bias any one particular cadence and
minimize the time spent changing cadences.
Hence, pedal cadence decreased from 50
rev/min to 30 rev/min to 10 rev/min, and then
increased from 10 rev/min to 30 rev/min to
50 rev/min. This pedal cadence order was then
repeated. There was approximately a 30-sec delay
between trials in order to adjust the ergometer’s
cadence. Quadriceps stimulation continued
between measurements.

Data Analysis
After each period of passive cycling, the quadriceps
muscles recovered torque production briefly.
To ensure that the data were not affected by
transient fatigue recovery, only the last half
of the active data (18 sec) were analyzed from
each trial. Both segments of passive data were
analyzed and compared. The second passive
data provided a check to see if the first passive
recordings were accurate. If both passive readings
were similar, the first passive data were used
in the calculations. If there was a discrepancy
between the two sets of passive data, the raw
data of each passive set were examined for
artifacts. Data containing artifacts, for example
a burst of muscle spasm, were rejected.

For each trial, data were ensemble-averaged
to produce characteristic graphs of gross active
torque and passive torque (N·m) vs. crank angle
(degrees) and instantaneous velocity (rev/min)
vs. crank angle. The passive torque data were
subtracted from the gross data to give the net
torque curve produced by the subject’s quadriceps.
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Power output (W) vs. angle (degrees) characteristic
curves were generated by multiplying the net
torque by the instantaneous crank angular velocity.
For each trial, the following measurements were
extracted from the resulting net torque curves
for the left and the right quadriceps muscles:
average torque (Tn, N·m), peak torque (PTin,
N·m), and peak torque angle (PTi°n, degrees),
where n was the pedal cadence denoted as the
subscript. At slow cadences, within a contraction
there is more time for fatigue to occur before
the crank reaches the point of best biomechanical
advantage. Therefore, it was not appropriate to
measure peak torque at a constant angle because
of the twin problems of force rise time and force
“drop-off” due to fatigue within the contraction.
Similarly, average power (POn, W), instantaneous
peak power (PPin, W), and the instantaneous peak
power angle (PPi°n, degrees) were also recorded
from the net power curves.

Statistical Analysis
Repeated measures analysis of variance (ANOVA)
was used to analyze the interaction of cadence
(10, 30, or 50 rev/min), trial (four repeats), and
leg (left vs. right) using within-patients statistical
analysis (Greenhouse-Geisser statistic). Between-
patients ANOVA of cadence and leg also were
investigated. No significant statistical main effect
was found for leg, so for the remainder of the
analysis the left and right quadriceps data were
pooled. Angle data were converted to between
−180° and 180° for statistical analysis, then con-
verted back to 0° to 360°. This technique was
appropriate for the stimulation angles used in
this study. However, for different angles of muscle
activity, circular statistics might be necessary.
Statistics analyses were considered significant at
p < 0.05. When significant statistical differences
due to cadence were indicated, pair-wise com-
parisons, made with paired t-tests and Bonfer-
oni correction, were used to further investigate
the results. Bonferoni-corrected paired t-tests were
considered statistically significant when p < 0.017.
SPSS version 11.0 (SPSS Inc., Chicago, IL, USA)
software was used to perform all statistical analyses
and data are reported as mean ± SE.

Results

Fatigue During Test Protocol
Repeated measures ANOVA of the torque and
power data indicated that significant muscle
fatigue had occurred during the data collection,
affecting all measurements (p < 0.001) except PTi°.
By the end of 35 min, power and peak torque
had decreased by approximately 14% and 12%,
respectively.

Torque Production
Ensemble-averaged torque curves for all patients
are shown in Figure 1 to demonstrate the shapes
of the torque curves for the three different
cadences tested. Figure 1 illustrates the general
trend for a higher PTi at lower cadences, and
that PTi occurred at an earlier angle. It was
interesting to note that torque at 10 rev/min
began to decline well before the end of the muscle
contraction or the peak torque generated at 30
rev/min. Figure 2A illustrates the averaged PTi
for the 10 patients. ANOVA revealed that there
was a significant effect of cadence upon PTi
(p = 0.005), T (p < 0.001), and PTi° (p < 0.001).
Significantly greater PTi (p = 0.007) was produced
at 10 rev/min (4.6 ± 0.4 N·m) compared with

FIGURE 1. Ensemble-averaged characteristic torque curves
(N = 10 SCI). Three different pedal cadences are shown
10 rev/min (thick), 30 rev/min (medium), and 50 rev/min
(thin). Black bars indicate when stimulation was applied to
the left and right quadriceps.



72 FORNUSEK ET AL.

30 rev/min (4.4 ± 0.4 N·m) and 50 rev/min
(3.4 ± 0.3 N·m). PTi° increased with cycling
pedal cadence (Table 1, p < 0.001). Paired t-tests
for PTi° revealed significant differences (p < 0.001)
for all cadence pairs. T showed a similar trend
to PTi, but the only significant difference
(p < 0.001) was between T10 (0.85 ± 0.09 N·m)
and T50 (0.52 ± 0.06 N·m).

Power Output
Power output generally increased with faster pedal
cadences. ANOVA revealed that cadence had a
significant effect on PPi (Fig. 2B, p < 0.001) and
PO (p < 0.001). Paired t-tests revealed that there
were significant differences (p < 0.001) between

PPi10 vs. PPi30 and PPi10 vs. PPi50. Average PO
was only significantly higher between PO50
(2.8 ± 0.3 W) or PO30 (2.3 ± 0.3 W) conditions
vs. PO10 (1.0 ± 0.1 W) (p < 0.001). Like PTi°, the
PPi° also increased with cadence and t-test
revealed that there was a significant difference
between all PPi° pairs (Table 1, p < 0.001).

Discussion
This study assessed the torque production and
power output generated at different pedaling
cadences after a 20-min “warm-up.” We sought
to determine the relative importance of fatigue
rate and the “force–velocity relationship of
muscle” in developing high pedal forces during
low cadence FES-evoked cycling. High muscle
forces are a desirable outcome for strength and
hypertrophy training that may precede FES-induced
over-ground walking or other functional tasks
(19,20).

Pedaling cadence had a significant effect on
the torque production and power output gener-
ated during FES-evoked cycling in individuals
with SCI. Patients applied greater torques to the
cranks at lower cadences, whereas much greater
powers were produced at higher pedal rates.
Greater crank torque implied that more muscle
force was produced at the lower cycling cadences.
Hence, FES-evoked activation of chronically
paralyzed muscles broadly adheres to the force–
velocity relationship in a similar way to that
observed during voluntary exercise or during
electrically stimulated contractions of healthy
muscles (12,13). However, the assumption that
crank torque accurately reflects muscle forces
may not be correct, because such forces are
applied across dissimilar crank angles at the
different pedaling cadences. Additionally, some
fatigue may have been occurring within the
longer duration contractions at slow cadence.

Force–Velocity Relationship
Previous voluntary cycling studies that investigated
the effect of cadence on torque production did
not assess this at pedal cadences lower than 60
rev/min, making it difficult to compare these
earlier results to the current study (21,22).

FIGURE 2. Peak quadriceps torque and power produced at
different pedal cadences (N = 10 SCI). (A) PTi shows the
trend of being higher at lower cadences of FES-evoked
cycling. The differences were significant (*) for PTi10 vs.
PTi50. (B) PPi shows the trend of increasing as pedal cadence
increases. Paired t-tests found that PPi10 was significantly
different (†) than PPi30 and PPi50. Results are means ± SE.

TABLE 1. Pedal Crank Angles Where Peak Torque and Peak
Power Occurred

Cadence (rev/min) PT° (degrees) PPi° (degrees)

10 337 ± 5* 326 ± 1*
30 7 ± 3* 1 ± 3*
50 34 ± 5* 30 ± 5*

All data are mean ± SE (N = 10).
*Indicates significant difference from other cadences tested.
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However, resultant knee angular velocities
during electrically stimulated knee extension are
generally comparable to the peak knee angular
velocities achieved during FES-evoked cycling.
Estimation from our data predict that, over the
range of angles that the quadriceps muscle was
stimulated, the peak knee joint velocities were
approximately 20°/sec, 60°/sec, and 100°/sec,
at pedaling cadences of 10, 30, and 50 rev/min,
respectively.

Prior studies that have used knee extension as
a model for electrical stimulation have shown
torque increases of 74% (13), 84% (12), and
41% (14) at 20°/sec compared with 100°/sec.
The current study measured a 35% greater PTi
at 10 rev/min (i.e., knee velocity 20°/sec) over
that produced at 50 rev/min (i.e., knee velocity
100°/sec). However, closer examination of the
current data revealed that there was only a 5%
increase between PTi at 10 and 30 rev/min. The
earlier knee extension research showed a much
larger increase than 5% across this velocity range
(12,13).

The assumption that crank torque was directly
related to muscle force may explain the small
measured increase in calculated force between
10 and 30 rev/min. For this assumption to be
completely true muscle forces must be applied
across the same crank angles regardless of cadence
and the muscle force must not fatigue within a
contraction. However, the rise times associated
with FES-evoked muscle force (15) meant that
as pedaling cadence was increased, maximum
force was reached at a later crank angle. For
example, a 200-msec delay corresponds to the
crank rotating by 12° and 60° at 10 and 50
rev/min, respectively. This observation partially
explained the increase in PTi° and PPi° observed
with increasing cadence. Additionally, as cadence
decreases, there is an increase in the duration
between the onset of the muscle contraction and
the time the stimulated muscle acting around
the joint reaches the angle of “best mechanical
advantage” to produce torque. During the
contractions at 10 rev/min, it is possible that
considerable force decay occurred before the
hip and knee joints reached the angle of “best

mechanical advantage” (Fig. 1). Therefore, the
torque measured at 10 rev/min would not have
correctly represented the maximum muscle
forces exerted during each contraction. These
factors, as well as a slight change in mechanical
advantage during the contractions due to crank
position, form a plausible explanation why the
increase in peak torques at 10 rev/min compared
with 30 and 50 rev/min was less than expected.

Power
Based on previous research, both instantaneous
and average power outputs were expected to
increase with cycling cadence. In voluntary cycling,
peak power output is produced at a velocity
of around 120–140 rev/min (22). FES-evoked
quadriceps knee extension power peaks at
velocities above 180°/sec (12,13). Estimation of
the relationship between knee angular velocity
and pedaling cadence from the data suggest
that a knee extension velocity of 180°/sec in
the current setup would correspond to cycling
cadence of 90 rev/min. According to the above
observations, power measurements would be
expected to increase further at cadences above
50 rev/min. However, as pedaling cadence
increases, improved control and precision of
FES may be necessary because variance in force
rise and decay times may have a greater influence
on power output. The increase in power with
cadence suggests that larger power outputs
might be produced by performing FES-evoked
cycling training at higher cadences. Neverthe-
less, during prolonged cycling the increased
fatigue rates at the higher cadences (10) reduce
the power output enhancement compared to
lower cadence exercise.

Fatigue
The crank torques reported herein are low, but
are within the range of values reported by
prior FES cycling research (7,23). The torque
and power measurements were performed on
muscles that had previously undertaken 20 min
of FES-evoked cycling. Because fatigue at pedal-
ing cadences of 50 rev/min is initially very rapid
(10), the crank torques expressed after 20 min
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were consequently much lower than if nonfatigued
muscle had been used. However, torque and power
reach a plateau within 5–10 min after maximum
stimulation is reached (10,18). In the current
data, there was a similar plateau and only a
small amount of fatigue (10% to 15%) occurred
during the measurement protocol. Therefore,
the torques and powers measured in this study
were representative of the muscle outputs that
might be measured during the majority (i.e.,
between 10 and 35 min) of a “typical” training
session for FES-evoked cycling.

The torque-velocity relationships of the current
data also may be applicable to nonfatigued
paralyzed muscle, and further research is
warranted to investigate this point. Even though
electrically stimulated muscles after 40 min of
exercise demonstrated significant fatigue, it is
likely that a large percentage of the residual
muscle forces were still generated by fast twitch
fibers. Long-term FES cycling training has not
succeeded in transforming chronically paralyzed
muscles from a predominantly fast twitch fiber
composition (24). The observation that fatigue
did not affect electrically evoked muscle force
rise times in an earlier study (16) supports the
view that during FES on chronically paralyzed
muscle the majority of the fibers involved are of
the fast twitch type.

Clinical Implications
FES leg cycling is useful for developing muscle
endurance, but compared to leg extension
training does not produce larger gains in leg
strength and hypertrophy (3,20), because lower
forces are developed during such training (25).
FES leg extension develops high forces through
the slow contraction velocities employed. Because
of this, FES-evoked leg extension may be more
suitable as a pretraining for FES standing and
walking programs.

The current study demonstrated that pedal
cadence can alter torques and powers generated
from fatigued muscles performing FES-evoked
cycling. The results of this investigation may
extend to the other muscles stimulated during
FES-evoked cycling, that is, the hamstrings and

glutei, which have different percentages of fiber
types and therefore may respond differently.
Low cadence cycling should offer improved
muscle strength training compared to the tradi-
tional pedaling cadences used because of the
higher forces generated (19). If low cadence
training can produce greater strength gains,
then FES cycling may be a more viable pretrain-
ing alternative to FES standing and walking.
Conversely, higher cadence FES-evoked cycling
generates higher muscle power output, and this
may confer a more potent stressor to the cardio-
vascular system.

Limitations of the Current Study
The main limitation is that fixed stimulation
angles were used in this study. Muscle force
rise times and fatigue within contractions are
two factors that have had an influence on the
results. To counteract these factors, for each
cadence muscle force would have to peak at the
knee angle where the greatest torque could be
produced for a given force; sufficient modeling
was not available to allow calculation of appro-
priate stimulation angles to allow this. However,
even if these “corrected” angles had been calcu-
lated, it is likely that they would be quite different
from the angles generally used during FES
cycling. Thus, the adjusted angles would not give
meaningful measures of power output or average
torque. Therefore, fixed angles were chosen for
this study.

Conclusion
FES-evoked muscle contractions to produce
cycling broadly adhere to the force–velocity
relationship of muscle, and a significant increase
in generated force is observed at slower pedal
cadences. This study also demonstrated how other
properties of muscle contraction, for example,
force rise times or fatigue rates, may affect FES-
generated torques and powers. Unless complex
adjustments to the stimulation angles are made
based on the pedaling cadence, muscle force
rise times, or the biomechanics of the individual
cyclist, then crank torque is of limited utility
when contrasting cycling cadences.
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