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Abstract
During functional electrical stimulation (FES), both the frequency and intensity can be increased to
increase muscle force output and counteract the effects of muscle fatigue. Most current FES systems,
however, deliver a constant frequency and only vary the stimulation intensity to control muscle force.
This study compared muscle performance and fatigue produced during repetitive electrical
stimulation using three different strategies: (1) constant pulse-duration and stepwise increases in
frequency (frequency-modulation); (2) constant frequency and stepwise increases in pulse-duration
(pulse-duration-modulation); and (3) constant frequency and pulse-duration (no-modulation).
Surface electrical stimulation was delivered to the quadriceps femoris muscles of 12 healthy
individuals and isometric forces were recorded. Muscle performance was assessed by measuring the
percent changes in the peak forces and force–time integrals between the first and the last fatiguing
trains. Muscle fatigue was assessed by measuring percent declines in peak force between the 60 Hz
pre- and post-fatigue testing trains. The results showed that frequency-modulation showed better
performance for both peak forces and force–time integrals in response to the fatiguing trains than
pulse-duration-modulation, while producing similar levels of muscle fatigue. Although frequency-
modulation is not commonly used during FES, clinicians should consider this strategy to improve
muscle performance.
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1. Introduction
The central nervous system achieves a precise and task-specific control of skeletal muscle
forces by controlling the number of activated motor units (recruitment) and the firing frequency
of the activated motor units (rate-coding) (Kamen and Du, 1999; Kanosue et al., 1979). In
individuals with paralysis due to upper motor neuron dysfunction, electrical stimulation is used
to substitute for the loss of voluntary motor control to enable patients to stand, walk, and grasp
objects (Kralj et al., 1988; Liberson et al., 1961). This application of electrical stimulation is
called functional electrical stimulation (FES). Analogous to the two mechanisms of recruitment
and rate-coding, stimulation intensity and frequency can be modulated to control muscle force
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output during FES. Although FES has immense potential application, it has not gained
widespread popularity due to the limitations in current FES systems (Brissot et al., 2000;
Popovic et al., 2001; Riener, 1999). An important limitation that discourages FES users is the
rapid onset of muscle fatigue (Andrews et al., 1988; Brindley et al., 1979; Marsolais and
Edwards, 1988; Rabischong and Chavet, 1997; Riener, 1999). Muscle fatigue may impede
efficient task performance during FES by limiting the number of steps that FES users can
perform or the number of minutes that FES users can stand or grasp an object (Andrews et al.,
1988; Brindley et al., 1979; Marsolais and Edwards, 1988; Rabischong and Chavet, 1997;
Riener, 1999).

Stimulation trains of different combinations of frequency and intensity can be used to generate
the muscle force required to perform a functional task during FES. However, with repetitive
activation, the muscle will fatigue and an increase in either the frequency or the intensity of
stimulation will be required to enable the targeted muscle force to be maintained. Interestingly,
although both the stimulation intensity and frequency can be modulated, most current FES
systems deliver a constant frequency and only increase the stimulation intensity to increase
force output as the muscle fatigues (Donaldson et al., 2000; Petrofsky and Stacy, 1992;
Raymond et al., 1999; Taylor et al., 1999). Previous studies on animal muscles show that
compared to modulating either the pulse-duration or frequency, a simultaneous modulation of
both stimulation pulse-duration and frequency produces improved control of isometric torque
during FES (Chizeck et al., 1991). However, no previous studies on human muscles have
systematically compared the effects of increasing stimulation frequency versus stimulation
intensity on muscle fatigue and performance during repetitive electrical stimulation. The
purpose of this study, therefore, was to compare the muscle fatigue and performance during
repetitive stimulation using trains consisting of: (1) constant pulse-duration and stepwise
increases in frequency (frequency-modulation); (2) constant-frequency and stepwise increases
in pulse-duration (pulse-duration-modulation); and (3) constant-frequency and constant-pulse-
duration (no-modulation).

During FES, single pulses are grouped together to form stimulation trains. The stimulation
frequency within each train can be controlled by varying the inter-pulse interval. The
stimulation intensity can be controlled by varying either the amplitude or the duration of each
pulse within a train. In this study, we kept the stimulation amplitude constant during each
testing session and varied pulse-duration to modulate the stimulation intensity. Previous studies
have shown that modulating the pulse-duration to control intensity requires a smaller charge
per stimulus to produce a particular force and allows a greater selectivity of recruitment
thresholds compared to modulating the pulse-amplitude (Crago et al., 1980).

2. Materials and methods
2.1. Subjects

Twelve healthy individuals (six males + six females) aged 22–30 years with no history of lower
extremity orthopedic, neurological, or vascular problems participated in the study. The subjects
were requested to refrain from strenuous exercise for at least 48 h before testing. The subjects
were informed about the testing procedures and signed informed consent forms approved by
the Human Subjects Review Board of the University of Delaware.

2.2. Apparatus and setup
The subject was seated on an electromechanical force dynamometer (KinCom III 500-11,
Chattecx Corp., Chattanooga, TN), with the back supported, hips flexed to approximately 75°,
and knees flexed at 90°. Velcro straps were used to stabilize the subject's upper trunk, waist,
and thigh. The subject's ankle was stabilized with a strap placed approximately 5 cm proximal
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to the lateral malleolus. The isometric force output of the quadriceps femoris muscle was
recorded via a force transducer placed against the anterior aspect of the leg, about 5 cm proximal
to the lateral malleolus. The subject could see a representation of the force recorded by the
KinCom force transducer on a display screen.

Electrical stimulation was delivered via two self-adhesive surface electrodes (Versa-Stim,
CONMED Corp., New York, USA, 76 mm × 127 mm). The proximal electrode was placed
over the upper thigh, covering the proximal portion of the rectus femoris and vastus lateralis
muscles. The distal electrode was placed over the lower aspect of the thigh, covering the vastus
medialis and distal portion of the rectus femoris. A Grass S8800 (Grass Instrument Company,
Quincy, MA) stimulator with a SIU8T stimulus isolation unit was used to deliver the electrical
stimulation. A personal computer equipped with a PCI-6024E data acquisition board and a
PCI-6602 counter-timer board was used for data-acquisition. A custom-made switch was
connected in series with the stimulator to modulate the duration and timing of the pulses. A
custom-written LabVIEW program was used for data-acquisition.

2.3. Experimental procedures
Each subject participated in four sessions with a minimum of 48 h separating consecutive
sessions. During the 1st session, subjects were familiarized with the testing procedures and
equipment, their maximal voluntary isometric contraction (MVIC) forces were determined,
and data were collected for plotting their force versus frequency and force versus pulse-duration
curves. During the 2nd– 4th sessions, one of the three fatigue protocols was tested each day in
random order. Except during the MVIC testing, the subjects were requested to relax during the
testing. A series of trains were delivered to the subjects' quadriceps muscles to train the subjects
to relax their muscles while the stimulation was being delivered. The following procedures
were performed during the four sessions (Fig. 1):

2.3.1. Initial data-collection (1st session)—At the start of the 1st session, subjects were
informed about the testing procedures, requested to sign the informed consent forms, and
trained to perform the MVIC test.

MVIC Testing: The burst superimposition technique was used to determine each subject's
MVIC force (Snyder-Mackler et al., 1994). During the MVIC testing, the subjects were asked
to produce as much knee extension force as possible. While the subjects were generating knee
extension force, a supra-maximal electrical stimulation train (amplitude, 130 V; train duration,
100 ms; frequency, 100 Hz; pulse-duration, 600 μs) was delivered to the quadriceps femoris
muscle. If the electrical stimulation train increased the muscle force by <10%, the subject's
MVIC was recorded. If the electrical stimulation train increased the force output ≥10%, the
MVIC testing was repeated after a 10-min rest. If the subjects failed to complete the MVIC
testing within three repetitions, they were not tested on that day.

Data-collection for force–frequency and force–pulse-duration curves: The MVIC test was
followed by a 10-min rest. Next, the stimulation amplitude was set to elicit 50% of the subject's
MVIC. The train with the highest frequency and pulse duration delivered during our study,
i.e., a 300-ms long 100 Hz train with a 600 μs pulse-duration, was used to set the stimulation
amplitude. The subjects were asked to refrain from testing if they considered the stimulation
amplitude uncomfortable or intolerable. All subjects were able to tolerate the amplitude with
no complaints of discomfort. After setting the stimulation amplitude, a series of trains were
delivered to collect data for plotting the subject's force versus frequency and force versus pulse-
duration curves. After the stimulation amplitude was set, eleven 770-ms long 14 Hz trains with
600 μs pulse-duration were delivered to potentiate the muscle (Binder-Macleod et al., 2002).
Next, twenty-two 300-ms long trains with 600 μs pulse-duration and frequencies ranging from
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10 to 100 Hz were delivered in random order. Finally, twenty-two 300-ms long trains with 60
Hz frequency and pulse-durations varying from 100 to 600 μs were delivered in random order.
There was a 5-s rest time between consecutive trains.

Determination of parameters of 1st trains of the fatigue protocols: The stimulation
frequency that generated 20% MVIC peak force in response to a 300-ms long train at 600 μs
pulse-duration was recorded, and used for all the fatiguing trains of the no-modulation protocol
and the first 16 trains of the frequency-modulation protocol. The stimulus pulse-duration that
generated 20% MVIC peak force in response to a 300-ms long 60 Hz train was recorded and
used for the first 16 trains of the pulse-duration-modulation protocol. The 600 μs pulse-duration
was selected for the no-modulation and the frequency-modulation protocols and as the longest
pulse-duration used during the pulse-duration-modulation protocol because it was the shortest
pulse-duration found to be at the commencement of the plateau region of the force versus pulse-
duration curve (Fig. 2). Similarly, 60 Hz frequency was selected for the pulse-duration-
modulation protocol and as the highest frequency used during the frequency-modulation
protocol because it was the lowest frequency able to produce near-maximal force (Fig. 2) while
avoiding the occurrence of high-frequency fatigue (Jones, 1996) and was within the range of
frequencies used clinically during FES (Bajd et al., 1999;Malezic and Hesse, 1995). Please
also note that the frequencies and pulse-durations for the three protocols were selected such
that they generated the same initial peak forces (∼20% MVIC) to prevent the effects of the
differences in initial peak forces generated in response to the electrical stimulation from
influencing the amount of muscle fatigue produced by the fatigue protocols (Russ et al.,
2002).

2.3.2. Determination of steps for the modulation-protocols—Steps for the frequency
and pulse-duration-modulation protocols were custom-designed for each subject based on their
force–frequency and force–pulse-duration curves, respectively. First, the force–frequency and
force–intensity curves were plotted. The frequency of the first 16 trains was set at the frequency
of the 300-ms long train with pulses of 600 μs duration that generated 20% of the subject's
MVIC, as explained above, to determine the steps for the frequency-modulation protocol.
Following this, the portion of the y-axis (peak force) of the force–frequency curve between the
20% MVIC peak force and the peak force generated at 60 Hz was divided into 10 equal parts
to obtain 11 equal ‘force-steps’ (See Fig. 2). Eleven stepwise increases in frequency and pulse-
duration were used for the modulation protocols because preliminary data showed better
performance with 11 force steps compared to using fewer steps and only a marginal
improvement with a greater number of steps. The frequencies corresponding to the peak forces
at each of the force-steps were then recorded from the x-axis of the force–frequency curve.
During frequency-modulation, the stimulus pulse-duration was fixed at 600 μs and the
frequency was increased every 16 stimulation trains according to the 11 steps obtained as
explained above. Similarly, 11 equal force steps for the pulse-duration-modulation protocol
were determined using the force versus pulse-duration curve for each subject (see Fig. 2).
During the pulse-duration-modulation protocol, the stimulation frequency was fixed at 60 Hz
and the pulse-duration was increased every 16 contractions.

2.3.3. Fatigue protocols (2nd–4th sessions)—One of the three fatigue protocols was
tested in random order during each of the remaining three sessions. During each session, after
electrode placement, the stimulation amplitude was set to produce 50% of the subject's MVIC
force using 300-ms long, 60 Hz trains with 600 μs pulse-duration.

The electrical stimulation protocols for the 2nd–4th sessions consisted of potentiation trains,
pre-fatigue testing trains, fatiguing trains, and post-fatigue testing trains as explained below
(See Fig. 1):
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Potentiation trains: Eleven 770-ms long 14 Hz trains with 600 μs pulse-duration were
delivered with a 5-s rest time between trains to potentiate the muscle (Binder-Macleod et al.,
2002).

Pre- and post-fatigue testing trains: A twitch and a pair of 60- and 20 Hz testing trains at
600 μs pulse-duration were delivered before and after the fatiguing trains to measure the force
generating ability of the muscle. The rest time between pre-fatigue testing trains was 10 s. The
rest time between post-fatigue testing trains was 1 s.

Fatiguing trains: A total of 176 trains were delivered at the rate of 1 train every second to
fatigue the muscle. All stimulation trains were 300-ms long. The activation pattern used to
fatigue the muscles (300-ms long trains with 700-ms rest time) is similar to the activation
patterns recorded in the quadriceps muscle during normal walking (Pierrynowski and
Morrison, 1985). The stimulation parameters of the fatiguing trains during the three fatigue
protocols were as follows:

1. Frequency-modulation protocol. The pulse-duration was fixed at 600 μs. The
frequency of the 1st train was set to the frequency required to generate 20% MVIC
peak force and the frequency of the 176th train was 60 Hz. Stimulation frequency was
increased stepwise every 16 contractions in 11 equal force steps.

2. Pulse-duration-modulation protocol. The frequency was fixed at 60 Hz. The pulse-
duration of the 1st train was set to the pulse-duration required to generate 20% MVIC
peak force and the pulse-duration of the 176th train was 600 μs. Stimulus pulse-
duration was increased stepwise every 16 contractions in 11 equal force-steps.

3. No-modulation protocol. The pulse-duration was fixed at 600 μs. The frequency of
the 1st train was set to the frequency required to generate 20% MVIC peak force.
Both the pulse-duration and the frequency were kept constant for all the trains in the
protocol. This protocol was compared to the two modulation protocols because out
of three combinations of frequency and pulse-duration tested in a concurrent study,
repetitive stimulation with the combination of a low-frequency and 600 μs pulse-
duration produced better performance in response to fatiguing trains compared to
either a medium-pulse-duration and medium-frequency, or a high-frequency (60 Hz)
and short-pulse-duration (unpublished observations).

3. Data analyses
The peak forces and force–time integrals in response to each stimulation train were calculated
for the three fatigue protocols. The percent change in peak force and force–time integral from
the first to the last fatiguing train were used as a measures of the muscle's ‘performance’ or its
ability to generate force in response to the fatiguing trains. A positive percentage change
indicated that the last fatiguing train generated greater force than the first fatiguing train and
a negative percentage change indicated that the last fatiguing train generated less force than
the first fatiguing train. In addition, the average peak forces and force–time integrals produced
in response to the 1st–176th, 1st–60th, 61st–120th, and 121st–176th fatiguing trains were used
as additional measures of muscle performance. The percentage declines in peak force between
the pre- and post-fatigue 60 Hz testing trains were used as a measure of muscle fatigue. The
ratio of peak forces produced in response to 20 Hz versus 60 Hz pre- and post-fatigue testing
trains (20 Hz:60 Hz peak force ratio) were used as measures of the degree of low-frequency
fatigue in the muscle (Russ and Binder-Macleod, 1999; Vollestad, 1997).
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3.1. Statistical analyses
Each of the dependant variables, except the 20 Hz:60 Hz peak force ratios, were compared
using one-way repeated measures ANOVAs. Pair-wise post hoc comparisons were performed
if significant differences were present. The 20 Hz:60 Hz peak force ratios were compared using
2-way (protocol × fatigue) repeated measures ANOVAs. The significance level was set at p ≤
0.05.

4. Results
The average ages of the 12 subjects tested were 24.8 ± 2.4 years and their MVIC forces were
949.4 ± 246.2 N. Table 1 shows the frequencies and pulse-durations of the first and last trains
for the three fatigue protocols. The peak forces produced in response to each of the 176 fatiguing
trains (Fig. 3c), and the forces generated in response to the first (Fig. 3a) and last (Fig. 3b)
fatiguing trains for a representative subject are shown in Fig. 3. Similar to the force data shown
in Fig. 3, for nine out of the 12 subjects tested, frequency-modulation produced larger peak
forces in response to the last compared to the first fatiguing trains (Fig. 3).

4.1. Fatiguing trains (measures of muscle performance)
Analyses of the percentage change in peak force between the first and last fatiguing trains
showed that the frequency-modulation protocol produced an increase in peak force (percent
change = 15.5 ± 28.7%), the pulse-duration-modulation produced a small decrease in peak
force (percent change = −6.2 ± 20.3%), and the no-modulation protocol produced a large
decline in peak force (percent change = −31.2 ± 9.4%) (p < 0.01) (Fig. 4a). The percent changes
in force–time integrals of the fatiguing trains showed a similar trend; however, both frequency-
and pulse-duration-modulation protocols showed increases in the force–time integrals from
the first to the last fatiguing train (Fig. 4b).

The frequency-modulation protocol produced the largest and the no-modulation protocol
produced the smallest average peak forces in response to the 1st–176th, 1st–60th, 61st–120th,
and 121st–176th fatiguing trains (p < 0.01) (Fig. 5a). Similarly, frequency-modulation protocol
produced the largest and no-modulation the smallest average force–time integrals in response
to the 1st–60th and 121st–176th fatiguing trains (p < 0.01) (Fig. 5b). In response to 61st–120th
and 1st–176th fatiguing trains, the no-modulation protocol produced the smallest sum of the
force–time integrals, but there were no differences in the sum of the force–time integrals
between frequency- and pulse-duration-modulation (Fig. 5b).

4.2. Testing trains (measures of muscle fatigue)
The no-modulation protocol produced a significantly smaller decline in peak force of the 60
Hz testing trains (23.6 ± 8.4%) compared to both the frequency-modulation and the pulse-
duration-modulation protocols (p < 0.01) (Fig. 6a). There was no significant difference in
percentage decline in peak force of the 60 Hz testing trains between the frequency-modulation
(46.6 ± 9.4%) and the pulse-duration-modulation (48.0 ± 10.6%) protocols (Fig. 6a).

The 2-way ANOVA for the 20 Hz:60 Hz peak force ratios showed significant effects of protocol
(F = 22.8, p < 0.01), fatigue (F = 312.8, p < 0.01), and a significant interaction (F = 50.7, p <
0.01) (Fig. 6b). There were no differences in the pre-fatigue 20 Hz:60 Hz peak force ratios
across protocols (F = 0.37, p = 0.70). The no-modulation protocol showed the smallest post-
fatigue 20 Hz:60 Hz peak force ratios (p < 0.01). There were no differences between frequency-
and pulse-duration-modulation protocols in the post-fatigue 20 Hz:60 Hz peak force ratios
(p = 0.77) (Fig. 6b). For all three protocols, post-fatigue ratios were smaller than pre-fatigue
20 Hz:60 Hz ratios (all p < 0.01) (Fig. 6b).
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5. Discussion
An interesting finding of the present study was that although the frequency- and pulse-duration-
modulation protocols showed no differences in the amount of muscle fatigue or low-frequency
fatigue (Fig. 6), the frequency-modulation protocol produced better isometric muscle
performance in response to the fatiguing trains than the pulse-duration-modulation protocol
(Figs. 4 and 5). The better isometric performance demonstrated during frequency-compared
to pulse-duration-modulation for similar levels of muscle fatigue may have important
implications for clinical applications of FES because most current FES systems deliver a
constant frequency and only increase the stimulation intensity to maintain muscle force as the
muscle fatigues (Petrofsky and Stacy, 1992;Raymond et al., 1999). Thus, these results suggest
that there is a need to further investigate strategies of control of force during FES in patient
populations.

We compared the peak forces generated in response to the last fatiguing trains and the post-
fatigue 60 Hz testing trains during the frequency- and pulse-duration-modulation protocols to
further analyze differences between peak force responses of the two modulation protocols (Fig.
7). We are not sure how to explain the finding that an additional 1 s of recovery time between
the last fatiguing trains and the post-fatigue testing trains (see Section 2.3 and Fig. 1 for details)
allowed for greater recovery of peak forces for the pulse-duration-modulation than the
frequency-modulation protocol (see Fig. 7). After additional recovery of peak forces in
response to the 60 Hz testing trains for the pulse-duration-modulation protocol, the differences
in the amount of muscle fatigue between the frequency- and pulse-duration-modulation
protocols were not significant. These results could be due to differences in the level of
metabolic energy expenditure, the extent of activation failure, or differences in recovery of
force-generating ability during the frequency- and pulse-duration-modulation protocols.
However, we did not have adequate data to further investigate the mechanisms underlying
muscle fatigue and performance during the two modulation protocols. Future studies that
measure the metabolic energy expenditure and/or electrophysiological activity of motor units
during different modulation strategies may help to gain a better understanding of the
mechanisms underlying muscle performance and fatigue during repetitive stimulation.

Although the no-modulation protocol produced the least muscle fatigue (Fig. 6a) and low-
frequency fatigue (Fig. 6b), both modulation protocols showed better performance in response
to the fatiguing trains than the no-modulation protocol (Figs. 4 and 5). The no-modulation
protocol maintained a lower stimulation frequency (11.3 ± 1.6 Hz) than either the pulse-
duration- (60 Hz throughout) or the frequency-modulation protocol (stepwise increase from
11.6 ± 1.5 to 60 Hz), which may have contributed to the lower muscle fatigue (Binder-Macleod
et al., 1995;Frank et al., 1998;Marsden et al., 1983) and low-frequency fatigue (Chin and Allen,
1996;Chin et al., 1997;Westerblad et al., 1993) (Fig. 6). Low-frequency fatigue is characterized
by the selective loss of force at low- versus high-frequencies during fatigue or recovery from
fatigue (Edwards et al., 1977;Stokes et al., 1989). Low-frequency fatigue causes a rightward
shift in the force–frequency curve, which requires higher frequencies to produce comparable
forces to the pre-fatigued state (Binder-Macleod and McDermond, 1992;Binder-Macleod et
al., 1998;Fuglevand et al., 1999;Thomas et al., 1991). Thus, low-frequency fatigue, as well as
overall muscle fatigue, would cause an attenuation of performance in response to the low-
frequency trains (11.3 ± 1.6 Hz) used during the no-modulation protocol. However, during the
latter half of the frequency-modulation protocol, and throughout the pulse-duration-
modulation-protocol, the muscle was stimulated with frequencies in the high-frequency range
of the force–frequency curve (Fig. 2). This high-frequency stimulation would overcome the
effects of low-frequency fatigue (Edwards et al., 1977;Russ and Binder-Macleod, 1999;Stokes
et al., 1989) and perhaps contribute to the better performance of the two modulation protocols
compared to the no-modulation protocol.
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Previously, Graupe and colleagues showed that the stochastic modulation of the inter-pulse
intervals within stimulation trains decreased the rate of muscle fatigue of the quadriceps
femoris muscle compared to stimulation at a constant frequency on a single subject (Graupe
et al., 2000). In contrast, Thrasher and colleagues recently showed that random modulation of
frequency (mean: 40 Hz), amplitude (mean: 75% maximal tetanic force), and pulse-duration
(mean: 250 μs) by ±15% of their mean values every 100-ms did not effect the rate of fatigue
during isometric contractions of the tibialis anterior and quadriceps femoris muscles of seven
spinal cord injured subjects (Thrasher et al., 2005). Our present study is the first to show
improvement in isometric muscle performance using stepwise increases in stimulation
frequency during repetitive stimulation. In addition, Kebaetse and Binder-Macleod recently
showed that for healthy subjects and subjects with spinal cord injury, starting at a low- and
later switching to a high-frequency produced better performance during repetitive non-
isometric contractions than stimulation using either a low- or high-frequency alone (Kebaetse
and Binder-Macleod, 2004; Kebaetse et al., 2005). However, unlike the present study, Kebaetse
and colleagues only increased frequency once in their study (i.e., used one frequency step) and
did not modulate the stimulation intensity (Kebaetse et al., 2005). The present study was the
first to compare muscle fatigue and performance during systematic stepwise increases of
frequency or pulse-duration during repetitive stimulation.

During our study, surface electrical stimulation was used to test isometric muscle fatigue and
performance. Surface electrodes are commonly used for FES (Popovic et al., 2001; Prochazka
et al., 1997; Snoek et al., 2000) and for the rehabilitation training of individuals with acute
paralysis (Chae et al., 1998) because they are easily placed by the FES-users and are non-
invasive. However, implanted nerve cuff electrodes are also used during FES, especially for
individuals with chronic paralysis following spinal cord injury or stroke (Chae et al., 2001;
Daly and Ruff, 2000; Peckham and Knutson, 2005; Peckham et al., 2002). Further studies are
therefore needed to assess the validity of our current findings during stimulation using
implanted electrodes.

During FES, muscle force must repetitively reach a targeted level to enable efficient task
performance. The stepwise increases in frequency and pulse-duration in our study caused the
peak force to rise above the 20% MVIC targeted force level (Fig. 3c). This overshoot of force
may have caused greater metabolic energy expenditure (Boska, 1994;Potma et al.,
1994;Stienen et al., 1995), and produced greater muscle fatigue (Cooke et al., 1988;Sahlin et
al., 1998;Westerblad et al., 1998) than would have been produced if the targeted force was not
exceeded. A better strategy would have been to only increase the stimulation frequency or
pulse-duration to the level needed to produce the targeted force with minimal overshoot. The
combined modulation of frequency and pulse-duration may be a better strategy to improve
muscle performance during FES. It is important to note that changes in skeletal muscle fiber-
type composition and atrophy following paralysis (Gerrits et al., 2003) may cause differences
in the responses of paralyzed muscles versus muscles of able-bodied individuals. Future studies
will use predictive mathematical models (Ding et al., 1998,2000) that account for changes in
the force–frequency curve due to fatigue to determine the appropriate frequency and pulse-
duration steps required to generate the targeted force (Chou et al., 2005;Ding et al., 1998,
2000) in muscles of paralyzed individuals.

6. Conclusion
During repetitive electrical stimulation, for similar levels of muscle fatigue, the strategy of
frequency-modulation produced better performance in response to the fatiguing trains
compared to the strategy of pulse-duration-modulation. Although frequency-modulation is not
a strategy currently used in FES, clinicians and researchers in the field of FES should consider
incorporating frequency-modulation as a strategy for skeletal muscle force control in FES
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systems. Future work is needed to develop stimulation strategies that can minimize fatigue and
improve skeletal muscle performance during FES applications. These strategies may involve
combining frequency- and pulse-duration-modulation to maximize muscle performance.
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Fig. 1.
Flowchart showing the experimental protocol for the four testing sessions. (PD: pulse duration).
See text for details.
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Fig. 2.
A schematic showing the peak force versus frequency (a) and peak force versus pulse duration
(PD) (b) curves for a representative subject and the method used to determine steps for
frequency-modulation (a) and PD-modulation (b). The horizontal shaded lines point to the 11
equal force-steps. The vertical arrows point to the corresponding frequency (a) and PD (b)
steps used for modulation. Note that the frequency- and PD-steps were spaced on the curves
such that each stepwise increase in frequency or PD caused an approximately equal increase
in force output.
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Fig. 3.
The peak forces produced in response to each fatiguing train during the three fatigue protocols
(c) for a representative subject. Raw force responses of the first (a) and last (b) fatiguing trains
for each of the three fatigue protocols. Note that for the modulation protocols, the force in
response to the last train is either equal to or greater than the force in response to the first train.
In contrast, the no-modulation protocol causes a decline in force from the first to the last train.
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Fig. 4.
The percent change in peak force (a) and force time integrals (b) between the first and the last
fatiguing trains during the three fatigue protocols. Note the positive percentage change in peak
force for the frequency-modulation protocol (a) and the positive percentage change in force
time integral for frequency-modulation and PD-modulation protocols (b). *Significant
differences between protocols (p ≤ 0.01).
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Fig. 5.
Average peak forces (a) and force time integrals (b) generated in response to the 1st–60th,
61st–120th, 121st–176th, and 1st–176th fatiguing trains during the three fatigue protocols.
*Significant difference between fatigue protocols (p ≤ 0.01).
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Fig. 6.
The percent decline in peak force between pre-fatigue and post-fatigue 60 Hz testing trains (a)
and the pre- and post-fatigue 20 Hz:60 Hz peak force ratios (b) for the three fatigue protocols
tested. There were significant differences between the pre- and post-fatigue 20 Hz:60 Hz peak
force ratios for each of the three fatigue protocols (p < 0.01). *Significant differences between
protocols (p ≤ 0.05).
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Fig. 7.
Average peak forces generated in response to the last fatiguing train (left) and the post-fatigue
60 Hz testing train (right) during the frequency-modulation and the pulse-duration (PD)-
modulation protocol. Both the last fatiguing train and the post-fatigue testing trains were 60
Hz trains with 600 μs PD and were separated by a 1 s rest time and a twitch. Note the larger
increase in peak force from the last fatiguing train to the post-fatigue 60 Hz testing train during
the PD-Modulation than the frequency-modulation protocol. *p ≤ 0.05.
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Table 1
The stimulation frequency and pulse duration (PD) of the first (average ± SD) and last trains for each of the three fatigue
protocols

Frequency (Hz) PD (μs)

Frequency-modulation
First train 11.6 ± 1.5 600
Last train 60.0 600
PD-modulation
First train 60.0 131 ± 23
Last train 60.0 600
No-modulation
First train 11.3 ± 1.6 600
Last train 11.3 ± 1.6 600
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