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A BSTRACT
Rapid onset of muscle fatigue in response to electrical stimulation is a major challenge when designing a neuroprosthesis. This
study aimed to introduce a decision-making algorithm to optimize pulse amplitude and pulse duration, for current regulated
electrical stimulators, to attain a target joint torque level while minimizing muscle fatigue. We measured ankle torque produced
by different pairs of pulse amplitude and pulse duration applied to the plantar-flexors. In each session, we measured the maximum
generated torque and calculated muscle fatigue (fatigue time and torque-time integral). Then, we determined the pulse amplitude
and pulse duration pair that generated a target level of torque while minimizing muscle fatigue. High bilateral symmetry and
day-to-day repeatability was observed for the torque time-series between the left and right plantar-flexors of each participant
(median correlation coefficient = 0.95). Compared to the average fatigue obtained by various pulse amplitude and pulse duration
pairs for a given level of torque, delivering pulses with the optimal pair reduced fatigue on average by 22.5% according to fatigue
time and 6.6% according to torque-time integral. We created an empirical model describing how pulse amplitude and pulse
duration can be modulated to generate specific levels of plantar-flexion torque with minimum muscle fatigue.
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1. I NTRODUCTION
Functional electrical stimulation (FES) has been widely used
to generate contractions and improve motor function in people who experience paralysis due to spinal cord injury or
stroke.[1] FES is used in two distinct manners; i) as a permanent orthotic device (i.e. neuroprosthesis) to permanently
substitute lost motor function such as grasping,[1, 2] walking[3, 4] or standing,[5, 6] and ii) as a short-term therapeutic
intervention to help improve voluntary control of impaired
function such as reaching, grasping[7] and walking.[8] How-

ever, a major challenge in any FES application is rapid muscle fatigue, defined here as a reduction in torque with continuous activation.
Unlike the way motor units are recruited during voluntary
contractions, FES does not recruit motor units according
to the size principle whereby slow, fatigue-resistant motor
units are recruited before fast, fatigable motor units.[9, 10]
Rather, FES leads to random recruitment of both fast and
slow motor units, according to the distance and orientation
of terminal axon branches relative to the surface stimulating
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electrodes.[11] Thus, for a given contraction level, relatively
more fatigable motor units contribute during FES compared
with voluntary contractions. Also, unlike voluntary contractions, during which motor units fire asynchronously with
respect to each other at relatively low rates (< 20 Hz for
soleus[12] ), FES evokes synchronous recruitment of motor
units and, therefore, requires higher stimulation frequencies
(> 20 Hz) to generate fused contractions.[11] Lastly, during
voluntary efforts, contraction levels can be maintained by
either modulating the firing rates of active motor units or by
recruiting separate motor units as the initially active motor
units become fatigued.[13, 14] Such complex temporal and spatial recruitment strategies are not possible with current FES
technologies, whereby the same predominantly superficial
motor units are continuously activated.[15, 16] Such altered
motor unit recruitment is thought to underlie the enhanced
metabolic demand and exaggerated muscle fatigue that occurs during FES, compared with voluntary efforts.[17]
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calculate optimal (PA,PD) pairs for separate levels of generated torque during constant-frequency (rectangular pulse)
FES.

2. M ETHODS
2.1 Participants
Three human participants (27.3±4.7 years, 64±10 kg,
164±8 cm, 1 female) with no known neurological or musculoskeletal impairment volunteered for the present study. The
local Ethics committee approved this study and participants
gave their informed consent prior to taking part. Each participant attended nine experimental sessions with at least three
days separating consecutive sessions.
2.2 Experimental setup
Participants sat comfortably on a padded bench with their
feet positioned horizontally and secured to separate footplates (see Figure 1). Both foot-plates were attached by a
shaft to a torque transducer (TS11-200 Flange Style Reaction Torque Transducer, Interface Inc, USA). The isometric
plantar-flexion torque, applied to the foot-plates, was directly
measured using this toque sensor on the shaft. Therefore, a
mechanical model of the ankle lever arms and collection of
the relevant anthropometric data were not required. Since
the calculation of the ankle torque, rather than muscle force,
would be needed in applications such as neuroprosthesis,
measurement and analysis of muscle force was not required.
The participant’s thighs were tightly fixed on the bench, such
that the shanks were kept vertical with respect to foot-plates.

When FES is applied, the torque generated at a joint depends on the characteristics of the individual electrical pulses,
namely the pulse frequency, pulse amplitude (PA) and pulse
duration (PD). It is known that fatigue in general increases
with pulse frequency.[1, 18] Therefore, in practice, pulse frequency is usually fixed at a sufficiently low value to minimize
fatigue, yet high enough to generate fused contractions. However, the effect of PA and PD on fatigue is inconclusive.[19, 20]
In order to control FES-evoked contraction levels, typical
commercially available stimulators allow researchers and rehabilitation practitioners to regulate PA (or PD) and to maintain PD (or PA) constant.[21, 22] Pulse charge (PA×PD) is a
main determinant of motor unit recruitment. Increasing the
PA produces a stronger depolarising drive that travels deeper
into the underlying tissue[23] and recruits a greater number of
motor units,[16] whereas adjusting the PD influences not only
the number of recruited motor units, but may also influence
the selectivity of motor unit recruitment, due to threshold differences that exist between axons of different diameter lying
at the same distance from the stimulating electrodes.[24–26]
Thus, it may be possible to apply different combinations of
PA and PD that generate contractions of equivalent torque,
yet differing fatigue-resistance, through the activation of
somewhat separate populations of motor units based on differences in the location, and threshold, of axons relative to
the FES electrodes. With this in mind, the purpose of the
present experiments was to determine whether optimal PA
and PD combinations (i.e., optimal (PA,PD) pairs), those
that minimize fatigue, differ for separate levels of generated
torque. The present study examined how the interplay of PA
Figure 1. A system to measure isometric ankle joint torque
and PD can be optimized to minimize fatigue during FES. generated by FES. Participant’s feet were secured to
The final product of which is a protocol that can be used to foot-plates connected to a torque transducer via a shaft.
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2.3 Functional electrical stimulation (FES)
FES was applied through a pair of surface electrodes (5 ×
9 cm; STIMTRODE, model ST5090, Nidd Valley Medical
Ltd, UK) placed along the midline of the ankle plantar-flexor
muscles. One electrode was placed below the knee, ∼2 cm
below the popliteal fossa, over the gastrocnemius and soleus
motor points. The other electrode was placed proximal to
the Achilles tendon over the distal end of the soleus muscle
belly. Electrode locations were precisely determined and
marked with respect to the anatomical landmarks and the
electrodes were placed on the marked locations in the next
sessions to ensure inter-session repeatability. An electrical
stimulator (Compex Motion II, Compex SA, CH) provided
current regulated biphasic, asymmetric, balanced rectangular
pulses (pulse delivering the charge had an amplitude of PA
and a duration of PD, and the pulse removing the charge had
an amplitude of PA/4 and a duration 4×PD).[27, 28]
At the beginning of each session, PA and PD were adjusted,
and then a constant train of rectangular pulses (frequency =
25 Hz) was delivered separately to each leg for 180 sec to
generate ankle torque. According to our preliminary observations, the frequency of 25 Hz for stimulation pulse trains was
low enough to avoid rapid onset of muscle fatigue and high
enough to generate tetanic (fused) muscle contraction that
is intended in most of FES applications. Other researchers
have used frequencies in similar ranges.[29–31] In each session, the PA was set to 30, 40, or 50 mA, and the PD was
set to 150, 300, or 450 µsec, producing 9 (PA,PD) pairs
(3×3) that were tested in separate sessions. Based on our
previous observation, these ranges of PA and PD generate
measureable ankle torque that is well-tolerated, while larger
PAs or longer PDs either generate torque that saturate or that
is not well-tolerated by participants due to discomfort from
the stimulation. The order of PA and PD levels was independently randomized for each participant and each leg. In each
session, FES was delivered to the left leg first. Since the isometric torque was measured and the feet had minimal motion
on the foot-plates, the effect of contra-lateral leg’s inertia was
minimal. In addition, the subjects were instructed to avoid
voluntary contraction on the contra-lateral plantar-flexors.
According to technical limitations in our experimental setup,
we were not able to record the reflex activation of contralateral extensors, and thus were not able to assess its effects on
the recorded torque.
2.4 Observational data acquisition and analysis
Data were sampled at 100 Hz using a custom-made data acquisition system consisting of a data acquisition board (DAQ
Multifunction NI USB-6211, National Instruments Corp.,
USA) and custom-written LabVIEW software (National Instruments Corp., USA). During FES, ankle plantar-flexion
Published by Sciedu Press
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torque was recorded as a function of time. From this torque
data, we measured the maximum torque (MT) generated over
the entire stimulation time (180 sec) and we calculated 2 indices of muscle fatigue: i) fatigue time (FT) representing the
time difference from when MT was achieved to when torque
dropped to 70.7% of MT (3 dB drop) and ii) torque-time
integral (TTI) representing the integral of torque over the
entire stimulation time, normalized to the maximum torquetime integral (MT×stimulation-time). This normalization
was performed to avoid the influence of stimulation time on
the calculated TTI.
The torque time-series produced by the left and right plantarflexors, for each participant, in response to the same (PA,PD)
pair were compared using Pearson’s correlation coefficient
to assess bilateral symmetry and day-to-day repeatability
of our experimental protocol. In addition, inter-participant
repeatability of the torque time-series was assessed using
coefficient of multiple correlations (CMC) for the left and
right plantar-flexors obtained by the same (PA,PD) pair.[32]
Pearson’s correlation coefficients were calculated to test the
strength of the relationship between the injected electrical
charge (PA×PD) and 3 parameters: i) MT, ii) FT, and iii)
TTI. Pearson’s correlation coefficients were also calculated
to test the strength of the relationship between MT and 2
parameters: i) FT and ii) TTI. Finally, Pearson’s correlation
coefficients were calculated to test the strength of the relationship between FT and TTI. Significance was set at p <
.05.
2.5 Mathematical modeling and analysis
First the observed MT, FT and TTI values were combined on
a grid based on the 3 levels of PA and 3 levels of PD tested
presently. Then, additional MT, FT, and TTI values were calculated by interpolating over this grid using cubic spline,
thereby generating continuous surfaces of (PA,PD,MT),
(PA,PD,FT), and (PA,PD,TTI) in 3-dimensional space (see
Figures 2a, 2b, and 2c, respectively). Any level of target MT
(MTtarget ) can be generated using a variety of (PA,PD) pairs
that form an iso-torque curve, (PA,PD,MTtarget ; see Figure
2a). This iso-torque curve is mathematically obtained by
intersecting the MT=MTtarget plane with the (PA,PD,MT)
surface. In Figure 2a, we have arbitrarily plotted the isotorque curve for a MTtarget of 40 N.m. The corresponding
curve can then be plotted on a fatigue index surface, FT (or
TTI), to identify the FT (or TTI) values obtained for the selected (PA,PD) pairs (see Figure 2b (or 2c)). The maximum
FT (or TTI) value along this new curve was identified as
the optimal (PA,PD) pair; see Figure 2b for (PA,PD)OP T on
the FT surface and Figure 2c for (PA,PD)OP T on the TTI
surface.
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Figure 2. (a) Maximum torque (MT) as a function of pulse amplitude (PA) and pulse duration (PD). For any level of target
maximum torque (MTtarget ) in FES applications (e.g., neuroprosthesis), an iso-torque curve is drawn on a MT surface
indicating (PA,PD) pairs that generate MTtarget . See the following for the red circle and blue square. (b) The red curve
represents fatigue time (FT) calculated for (PA,PD) pairs that are generating MTtarget discussed in Figure 2a. Maximum
FT on this red curve is shown by a red circle, indicating the (PA,PD) pair generating MTtarget and resulting the longest
fatigue time (i.e., least fatigue). The same red circle is also shown on the iso-torque curve in Figure (2a). (c) The blue curve
represents the torque-time integral (TTI) normalized to the maximum torque-time integral (MT × stimulation time)
calculated for (PA,PD) pairs that are generating MTtarget discussed in Figure 2a. Maximum TTI on this blue curve is
shown by a blue square, indicating the (PA,PD) pair generating MTtarget and resulting in the largest TTI (i.e., least fatigue).
The same blue square is also shown on the iso-torque curve in Figure 2a. (d) (PAi ,PDi )OP T for FT (red) and (PAi ,PDi )OP T
for TTI (blue) points drawn on MT surface. These red and blue points indicate the (PA,PD) pairs that generate different
levels of MTitarget (i=1..N) and result in minimum muscle fatigue based on FT and TTI indices. The red and blue curves
show the operating curves for optimal (PA,PD) pair modulation (projected on MT surface). These lines are calculated based
on robust regression over the red circles and blue squares described in Figures 2b and 2c for different torque levels.
Many implementations of FES (e.g., neuroprosthesis) require time-varying tunable torque. For this purpose, we
calculated a sequence of (PAi ,PDi )OP T (i=1..N) for N levels
of MTitarget (i=1..N), that minimize muscle fatigue based
on FT (or TTI). An optimal way to tune MT in the target
range is to simultaneously modulate PA and PD on an operating curve (line) passing through (PAi ,PDi )OP T (i=1..N).
In order to fit a curve through all (PAi ,PDi )OP T (i=1..N),
we produced a line according to robust regression; in Figure
2d, the red and blue lines represent the (PA,PD) pairs that
minimize fatigue for a given level of MTtarget according to
FT and TTI, respectively.
36

To assess the efficiency of the fatigue optimization at each
level of MTtarget (i.e., along each iso-torque curve), we
calculated the relative difference (%) between the (PA,PD)
pair that produced the maximum (optimal; least fatigue)
and average (over all fatigue index values resulted from all
(PA,PD) pairs corresponding to a given level of MTtarget )
values. Then, we averaged the differences across all levels
of MTtarget . This efficiency calculation was done separately
for each fatigue index. Data analyses were performed using
Matlab (Mathworks Inc, USA).
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3. R ESULTS
Figure 3 shows torque time-series in response to FES (3×3
levels of (PA,PD)) applied to the left plantar-flexors of a
single participant in 9 separate sessions. Usually, when large
amounts of charge, based on the (PA,PD) levels, was injected,
MTs were reached within the first 30 sec. The (PA,PD) pairs
of (40 mA, 150 µsec), (30 mA, 300 µsec), and (30 mA,
450 µsec) showed extremely long FT (virtually no fatigue).
For these (PA,PD) pairs, the torque never dropped to 70.7%
of its maximum value and, thus, we considered FT as the end
of 180 sec of stimulation (as the longest time we measured).
Although FT is still shown (red square in Figure 3), and
very close to MT, the recorded FT was 180 sec (as shown in
the plots of Figures 2 and 4 for these (PA,PD) pairs). The
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(PA,PD) pair of (30 mA,150 µsec) generated small torque,
and thus, the precision of the FT and TTI calculations were
not high due to small signal-to-noise ratios. Figure 4 shows
the interpolated (PA,PD,MT), (PA,PD,FT) and (PA,PD,TTI)
surfaces for the left and right plantar-flexors of the same participant as in Figure 3. In general, as PA and PD increased,
MT increased while FT and TTI values decreased, except for
the (30 mA,150 µsec) pair. Figure 2 shows the interpolated
(PA,PD,MT), (PA,PD,FT) and (PA,PD,TTI) surfaces for the
left plantar-flexors of the same participant as in Figure 3 and
4. Importantly, (PA,PD) pairs that generated equal MTtarget
(i.e., pairs along the same iso-torque curve) differed in the
level of fatigue produced over 3 min of FES (see Figures 2b
and 2c).

Figure 3. Nine torque time-series from a representative participant generated by 3×3 levels of PA and PD applied to the
left plantar-flexors of the same participant as in Figure 2. The red circle shows the maximum torque (MT) generated and the
red square shows the point where toque dropped to 70.7% of MT, indicating the fatigue time (FT).
Table 1 reports Pearson correlation coefficients (R) for torque
time-series obtained for each (PA,PD) pair between the left
and right plantar-flexors of each participant obtained on different days (from 3 to 27 days apart). These values had a
median of 0.95 over all 3 participants and all 9 (PA,PD) pairs,
showing high bilateral symmetry and day-to-day repeatability. Table 2 reports the inter-participant repeatability of
the measured torque time-series. Although the inter-session
repeatability between the left and right plantar-flexors of
each participant was high (see Table 1), the inter-participant
repeatability was low (i.e., participants had very different
torque time-series for a given (PA,PD) pair). The coefficients
Published by Sciedu Press

of multiple correlations (CMC) between the participants for
torque time-series obtained for each (PA,PD) pair had a median of 0.71 averaged over all 9 (PA,PD) pairs and both
plantar-flexors (see Table 2). CMC values were lower for
higher levels of PD and PA (see Table 2). MT was significantly correlated with injected charge (PA×PD), while FT
and TTI were not significantly correlated with either PA×PD
or MT (see Table 3). Compared the average fatigue resulted
by different pairs of (PA,PD) for a given MT, delivering FES
with the optimal (PA,PD) pair of a given MT ((PA,PD)OP T )
reduced fatigue by 22.5% according to FT and 6.6% according to TTI, on average across each participant, plantar-flexor
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and level of MT (see Table 4). The contribution of our
methodology to fatigue minimization negatively correlated
(p < .03) with the level of MT (correlation coefficient averaged over all subjects: -0.53 and -0.61, for FT and TTI,
respectively). Note that correlation analysis for fatigue pa-
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rameters of the left and right plantar-flexors in Tables 3 and
4 were performed separately. This was because the fatigue
behavior of the left and right plantar-flexors of each subject
for each stimulation condition were not independent (see
Table 1).

Figure 4. Maximum torque (MT), fatigue time (FT), and torque-time integral (TTI) surfaces based on interpolation of the 9
torque time-series generated by 3×3 levels of PA and PD applied to the left and right plantar-flexors the same participant as
in Figures 2 and 3.
Table 1. Pearson correlation coefficients (R) for the
measured torque time-series between the left and right
plantar-flexors of each participant. All correlation
coefficients were significantly different from zero at the 0.05
levels.
Pulse Amplitude
[mA]

30

40

50

38

Table 2. Coefficients of multiple correlations (CMC) for the
measured torque time-series among 3 participants (to
express the inter-participant repeatability). All coefficients
of multiple correlations were significantly different from
zero at the 0.05 levels.

Pulse Duration
[µs]

Correlation Coefficients for
each participant
S1
S2
S3

Pulse Amplitude
[mA]

150
300
450
150
300
450
150
300
450

0.83
0.96
0.98
0.96
0.99
0.98
0.77
0.98
0.97

30

0.57
0.89
0.97
0.92
0.97
0.97
0.83
0.90
1.00

0.77
0.81
0.68
0.38
0.57
0.96
0.68
0.98
0.95

40

50

Pulse Duration
[µs]
150
300
450
150
300
450
150
300
450

CMC among participants
Left ankle
Right ankle
0.81
0.77
0.80
0.78
0.75
0.76
0.84
0.88
0.33
0.69
0.28
0.19
0.26
0.80
0.12
0.35
0.21
0.38
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Table 3. a) Pearson correlation coefficients (R) between the
injected electrical charge (PA×PD) and other measured
parameters: i) maximum generated torque (MT), ii) fatigue
time (FT) and iii) torque-time integral (TTI), averaged
across 3×3 stimulation conditions and 3 participants. b)
Pearson correlation coefficients between MT and other
measured parameters: i) FT and ii) TTI, averaged across
3×3 stimulation conditions and 3 participants. c) Pearson
correlation coefficients between fatigue indices: FT and TTI,
averaged across 3×3 stimulation conditions and 3
participants. (*) Significance set at p < 0.05.
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determining the optimal (PA,PD) pair that minimized muscle
fatigue for each iso-torque curve according to FT or TTI; v)
proposing a protocol of simultaneous (PA,PD) pair regulation
to generate target torque levels while minimizing fatigue.

4.1 Optimal selection of PA and PD
4.1.1 Simultaneous modulation of PA and PD
The red and blue lines in Figure 2d show the (PA,PD) modulation strategies that minimized fatigue based on FT and TTI
indices, respectively, for a single participant. To produce a
given level of joint torque (MTtarget ) with FES, there were
a)
distinct optimal (PA,PD) pairs depending on the functional
Measured parameter
Left ankle
Right ankle
goal: i) one pair generates torque that remains above the
Maximum Torque (MT)
0.57*
0.45*
Fatigue Time (FT)
-0.06
0.21
desired threshold the longest (located on the red line), and ii)
Torque-Time Integral (TTI)
-0.04
0.31
another pair for which the torque integral over time will be
b)
the largest (located on the blue line). We expected continuity
Measured parameter
Left ankle
Right ankle
of the optimized red and blue points around the red and blue
Fatigue Time (FT)
0.08
0.05
lines, respectively. The outliers may be due to multiple local
Torque-Time Integral (TTI)
0.05
0.28
maximums identified on iso-torque lines in lower levels of
c)
Measured parameter
Left ankle
Right ankle
MT (see Figure 4), because of the inaccuracy of the fitted
Fatigue Time (FT) ~ Torque-Time
surface on the 9 experimental FT and TTI values. We ex0.52*
0.83*
Integral (TTI)
pect that conducting the experiment with 4×4 data points
(or more) instead of 3×3 would minimize these outliers. We
Table 4. Efficiency of fatigue optimization, calculated as the applied “robust regression” instead of “ordinary regression”
relative difference (%) between the (PA,PD) pair that
to increase the robustness of the results to such outliers. In
produced the maximum (Optimal; least fatigue) and average
the future, sensitivity of the obtained optimal operating lines
(over all values of a fatigue index resulted from all (PA,PD)
pairs corresponding to a given level of MTtarget ) values at to different sources of errors should be further investigated.
each level of MTtarget , averaged across all levels of
4.1.2 Separate modulation of PD or PA
MTtarget . The efficiency calculation was repeated
The present results indicate that the optimal solution for
separately for both fatigue indices (Index: FT or TTI).
generating a variety of target torques (MTtarget ), while minOptimal ( Index)  Average( Index)
100 
imizing fatigue, requires that both PA and PD be modulated
Average( Index)
simultaneously. However, many commercially available stimParticipant
Side
FT
TTI
46.2
10.2
Left
ulators allow modulation of only PA or PD separately. For
S1
18.5
6.8
Right
such stimulators that cannot modulate both PA and PD si14.7
4.5
Left
S2
multaneously, the present results also indicate that a nearly
26.4
7.5
Right
optimal performance can be achieved by simply setting PA
23.0
5.2
Left
S3
6.4
5.3
Right
(or PD) constant while modulating PD (of PA), depending
Mean (participant/side)
22.5
6.6
on the desired torque profile. For example, considering the
data for a particular subject in Figure 2d, we recommend
distinct strategies: i) fix PA at a higher level, (from 43 to
4. D ISCUSSION
50 mA, in the vicinity of the red line), and modulate PD to
This study investigated how to select pulse amplitude (PA) generate torques that produce minimum fatigue according
and pulse duration (PD) pairs that generate target plantar- to FT, or ii) fix PD at a higher level, (from 340 to 440 µsec,
flexor torque levels while minimizing muscle fatigue during in the vicinity of the blue line), and modulate PA to generFES. Our approach involved: i) measuring the maximum gen- ate torques that produce minimum fatigue according to TTI.
erated torque (MT) and calculating common fatigue indices Note that these strategies are suggested for only a particular
(fatigue time (FT) and torque-time integral (TTI)) in response subject and different strategies maybe suggested for others.
to 3×3 levels of PA and PD; ii) interpolating MT, FT and TTI The physiological mechanism underlying the separate moduvalues from the observed data; iii) identifying (PA,PD) pairs lation strategies for optimizing FT and TTI are not at present
that generated equivalent torque (i.e., iso-torque curves); iv) clear.
Published by Sciedu Press
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In our study, the minimum and maximum levels of PA and PD
were chosen based on their threshold of measurable torque
generation and maximum limits of tolerable discomfort, respectively. Our rationale was to cover the entire range of
practical PA and PD utilized in the design of neuroprosthesis.
Although the addition of an extra measurement point would
increase the accuracy of our results, the absence of fatigue
observed with the lowest levels of PA and PD would not
necessarily affect the reliability of our experiment.
4.2 Repeatability of results and clinical implementation
4.2.1 Inter-session repeatability
Experiments with the left and right plantar-flexors of each
participant with each (PA,PD) pair was performed 3 to 27
days apart. The lack of similarity (indicated by low correlation coefficient) between the generated torque time-series by
the left and right plantar-flexors would indicate the lack of
either bilateral symmetry or day-to-day repeatability. In our
study, in contrast, high correlation (median R = 0.95) was
observed between the generated torque time-series produced
by FES using different (PA,PD). This indicated both high
bilateral symmetry and day-to-day repeatability of the experiments simultaneously. Therefore, the proposed strategy
for regulating (PA,PD) pairing for each participant can be
re-used later for the same participant. Consequently, our
control strategy for each participant is sufficiently consistent
and thus suitable for repetitive clinical applications. However, since muscle training can affect FES performance,[33]
it is expected that muscle training will change the proposed
strategy for modulating (PA,PD) pairing, and thus the present
experimental protocol should be repeated at regular intervals
following prolonged FES training.
4.2.2 Inter-participant repeatability
The generated torque time-series produced by FES using
different (PA,PD) pairs showed low inter-participant repeatability (median CMC = 0.71; see Table 2). As a result, the
optimal strategy for modulating (PA,PD) pairing differed between participants, and thus we recommend that the optimal
strategy for modulating (PA,PD) pairing be determined separately for each person participating in FES programming.
The main source of inter-participant variability is due to differences in muscle fatigue among the participants, especially
at higher levels of injected charge (PA×PD; see Table 2).
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Table 3). However, neither FT nor TTI showed significant
correlation with either PA×PD or MT. This observation indicates that, although MT varies proportionally with PA×PD,
all (PA,PD) pairs with identical PA×PD did not necessarily
result in the same level of fatigue (assessed by FT or TTI).
Thus, it is relevant to determine the (PA,PD) pairing that
produces minimum fatigue. In addition, although FT and
TTI indicate different fatigue resistance characteristics and
resulted in different optimal operating lines, they were significantly correlated together. This indicates that FT and TTI
both quantify similar general trends in muscle fatigue and
are convergent indicators of fatigue resistance.
4.2.4 Efficiency of fatigue optimization
The present results confirm, as alluded to in the Introduction section, that different (PA,PD) pairs can be applied that
generate contractions of equivalent MT, yet differing fatigueresistance. This finding is likely due to each (PA,PD) pair
activating somewhat separate motor unit populations that
have different inherent fatigue characteristics (i.e., recruiting
relatively more or less slow, fatigue-resistant motor units).
Importantly, the optimal (PA,PD) pairing differed depending
on the level of generated torque (MT) and fatigue indices. Rehabilitation practitioners can expect an average improvement
of 22.5% and 6.6% in fatigue-resistance according to FT
and TTI, respectively. The contribution of our methodology
to fatigue reduction negatively correlated with the level of
MT. According to Figures 2 and 4, there are a fewer number
of (PA,PD) pairs that can result in higher levels of torque,
compared to lower torque levels. Further, there was less variability in fatigue indices among all (PA,PD) pairs at higher
levels of MT. As such, there was less fatigue improvement
through our suggested optimization for higher torque levels
compared to lower torque levels.

4.3 Limitations
4.3.1 Choice of muscle fatigue index
Our proposed methodology can be applied to minimize fatigue based on any chosen fatigue index and does not recommend for or against any particular fatigues index. Presently,
we applied our protocol to FT and TTI, as two previously
used fatigues indices in the literature.[18, 20, 33–37] A drop of
MT from its maximum (100%) to 70.7% (3 dB) was chosen since, in the control engineering literature, when the
system output drops by 3 dB, its performance is considered
4.2.3 Correlations among electrical charge (PA×PD), MT,
altered.[33] This value has been used in other studies.[18, 38]
FT and TTI
Nevertheless, other researchers have also used a threshold of
It is known that torque generated by FES depends on
50%.[34, 39, 40]
the injected electrical charge (PA×PD). However, it is unclear whether muscle fatigue is also a function of PA×PD, Because of different mathematical definition of FT and TTI,
rather than a more complicated function of (PA,PD) pairing. different obtained optimized operating lines are expected;
Presently, MT was significantly correlated with PA×PD (see mathematically various FT can be observed with a single
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value of TTI (or vice versa). Notably, while both FT and TTI
significantly correlate together and assess fatigue resistance,
they describe different aspects of fatigue resistance behavior.
Different applications may demand use of either of these two
fatigue indices, and subsequently either of the two optimized
(PA,PD) pairs. FT indicates the capability of maintaining
a threshold level of torque (70.7% of its maximum value)
within a certain time. FT is a relevant fatigue index for applications in which torque should not drop below a certain
level, as such a drop could compromise system safety (e.g.,
FES-assisted walking). On the other hand, TTI indicates
the capability of maintaining an average level of torque in
the long-term. In applications where the average torque produced over a time period is important, it is more appropriate
to use TTI as a fatigue index (e.g., FES-assisted grasping).
In the present results, at lower levels of injected PA×PD,
a low signal-to-noise ratio combined with low security in
torque production resulted in low bilateral symmetry (see
Table 1) and higher sensitivity to measurement error (e.g.,
when low torque levels [< 10 Nm] are generated in Figure 3).
However, our measurement precision was sufficiently high
at higher levels of injected PA×PD, where both torque production and fatigue were substantial that has higher clinical
relevance.
4.3.2 Sample size
The sample size of the present study (n = 3) was relatively small. Indeed, we did not expect to have high interparticipant repeatability. Given the wide range of variability
between individuals with paralyzed or paretic muscles in
terms of age, body mass, gender, and the type and level of
neuromuscular impairment, muscle atrophy, etc., we expect
high inter-subject variability in their muscle response. Therefore, high inter-subject repeatability of muscle response to
FES, and thus similar optimal operating lines (see Figure 4),
is not expected. Our results confirm that even able-bodied
subjects do not show similar muscle response to FES, mainly
because of their different muscle training and the high variability in spatial motor unit recruitment between participants
reported previously.[18] Therefore, increasing the number of
subjects would not result in obtaining a universal optimal
(PA,PD) modulation strategy, expressed as red and blue lines
in Figure 4, for all subjects. The primary goal of this study
was to present a protocol that can be applied on an individual
basis, and thus any larger sample size would not affect the
final conclusions of this study.
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the present findings may not generalize to people with motor impairment. In fact, it is expected that the modulation
of optimal (PA,PD) pairings will differ between and within
populations other than that tested presently. Further, modulation of optimal (PA,PD) pairings likely differ for other
stimulation paradigms (present findings were based on 180
sec of constant uninterrupted stimulation) and other muscles.
However, the aim of this study was to present a protocol
(n×n PA and PD pairing) that allows for the calculation of
optimal (PA,PD) pairings, which can itself be applied to other
populations and other muscle groups.
Therefore, the feasibility of identifying optimal (PA,PD)
pairings in people with motor impairment is excepted to be
equally achievable. However, the importance of identifying
optimal (PA,PD) pairings may be less pronounced, particularly in populations who experience chronic paralysis due
to spinal cord injury, as motor unit populations have been
shown to transition to a more homogenous fast-fatigable
phenotype.[41] As such, selective motor unit activation is
expected to be less effective in this population. That said,
previous work has shown that delivering stimulation to the
chronically paralyzed plantar-flexors in ways known to recruit fatigue-resistant motor units (i.e., through reflex pathways) showed improvements in fatigue-resistance compared
to conventional stimulation.[42] This indicates that even in
the chronic stage of recovery after spinal cord injury, there
still exists a range of motor units that are resistant to fatigue, and as such, selective activation of motor units through
identifying (PA,PD) pairings may also be important in this
population.
Currently, it takes 27 days to determine an optimal operating
line for each individual. This is not ideal for a clinical setting.
Alternative approaches may reduce the total testing time to
even a few days, for example by utilizing shorter stimulation time. In the future, alternative approaches to reduce
the testing time could be developed for facilitating clinical
application.

5. C ONCLUSION
We found that different pairings of pulse duration (PD) and
pulse amplitude (PA) can produce identical plantar-flexion
torques, with differing levels of fatigue-resistance. Specifically, we presented a method to empirically calculate these
optimal (PA,PD) pairs as a function of time to optimize either
fatigue time (FT) or torque-time integral (TTI). We showed
that optimal (PA,PD) pairings are stable if participants do
4.3.3 Population and generalizability
not change his/her daily exercise regimen. We also found
The present study is a first step in understanding the complex that these optimal (PA,PD) pairings are participant depenrelationship that exists between modulation of FES param- dent and, thus, should be determined for each participant
eters (PA and PD), torque production and fatigue. Indeed, independently before neuroprostheses or other FES therapies
Published by Sciedu Press
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are applied. Although we have demonstrated this method
using the ankle plantar-flexor muscles, the same method may
be used for other muscles or muscle groups to determine
optimal stimulation parameters.
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