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Comparing preference related to comfort in
torque-matched muscle contractions between
two different types of functional electrical
stimulation pulses in able-bodied participants

1,2,3

Martha G. Garcia-Garcia ©"*3*, Lazar l. Jovanovic ©**3* Milos R. Popovic
"The KITE Research Institute, Toronto Rehabilitation Institute — University Health Network, Toronto, Canada,
2Institute of Biomedical Engineering, University of Toronto, Toronto, Canada, 3CRANIA, University Health Network

& University of Toronto, Toronto, Canada

Context/Objective: Functional electrical stimulation (FES) is commonly used in rehabilitation to generate
electrically-induced muscle contractions. FES has been shown to assist in the recovery of voluntary motor
functions after stroke or spinal cord injury. However, discomfort associated with FES can motivate patients to
withdraw their participation from FES therapy despite its benefits. To address this issue, a functional
electrical stimulator, called MyndMove™ (MyndTec Inc., Canada), has been developed to generate more
comfortable contractions than conventional stimulators.

Design: Cross-sectional, interventional, with two treatment arms.

Setting: A laboratory within a rehabilitation center.

Participants: Twelve able-bodied participants.

Intervention: FES delivered with two different stimulators, MyndMove™ and Compex Motion (Compex,
Switzerland), during muscle contractions of high, moderate and low stimulation intensity.

Outcome Measures: Comfort-related preference to a given stimulator and the discomfort score rated through a
Numeric Rating Scale (NRS-101) for both stimulators.

Results: Participants perceived a reduction in discomfort during high-intensity stimulation generated using
MyndMove™. In addition, MyndMove™ stimulations were preferred in 60% of all contractions. The reduction
in discomfort associated with MyndMove™ might be due the fact that MyndMove™ delivers less charge to
generate contractions of equivalent intensity, compared to Compex Motion.

Conclusion: Reducing discomfort during FES may help in generating stronger and more clinically useful
contractions, increasing accessibility of FES therapy to include individuals with low tolerance to FES.

Keywords: Functional electrical stimulation, Compex Motion, MyndMove, Rectangular current pulse, Inverse exponential current pulse

Introduction

Functional electrical stimulation (FES) is a technique
that uses trains of controlled electrical pulses to artifi-
cially excite nerves or muscles.! Delivering FES to
selected muscles in a carefully coordinated manner
can generate functional movement, such as grasping,”
walking,” maintain sitting* and standing balance,’

*These authors contributed equally to this work.
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among others. As such, the potential of FES to
improve motor functions in patients with paralysis
due to a neurological injury has been amply documen-
ted. Conventionally, FES is used when lower motor
neurons are intact and partial innervation remains in
the spinal cord, as is the case with stroke, incomplete
spinal cord injury,® or complete spinal cord injury in
levels above the cauda equina, approximately LI.
Although, FES has also been implemented to maintain
denervated muscle mass in patients with lower motor
neuron lesions (e.g. cauda equina syndrome).” In
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rehabilitation settings, FES has been used to assist
patients in movements required for daily activities as a
long-term assistive device,® '® as well as a tool to
enhance conventional physical or occupational
therapy. In the latter, the patients undergo short-term
FES therapy (FEST), in which they relearn to
perform the desired movements with the help of FES,
and over time, they recover a degree of voluntary
control. For example, in upper limb rehabilitation,
FEST has resulted in some of the largest improvements
in arm and hand function reported to date in individ-
uals with stroke and incomplete spinal cord injury,
even in cases when patients had severe impairment.'' ™14

However, electrical pulses used to artificially contract
muscles using FES can produce discomfort in some indi-
viduals. This is an important consideration for FEST
because such discomfort can lead patients to withdraw
from therapy,'” despite concerted effort to optimizing
various FES parameters (e.g. electrode size, pulse wave-
form, pulse duration, frequency of discharge and source
regulation) to deliver effective stimulation as well as to
minimize the discomfort.'®?* To address the issue of dis-
comfort during FEST, a functional electrical stimulator
called MyndMove™'>?>2® has been developed to
deliver electrical pulses with a very short rise-time (i.e.
0.03 us), followed by exponential decay, reaching low
steady-state currents. Conversely, Compex Motion,*’ a
stimulator that has been used extensively in our research
group for the past 20 years, delivers rectangular electri-
cal pulses with longer rise times (i.e. 3 ps). In clinical
practice, MyndMove™ has been reported to generate
less discomfort compared to existing stimulators (e.g.
Compex Motion),'? however, objective documentation
does not exist.

In this paper, we compared MyndMove™ and
Compex Motion in torque-matched conditions during
isometric contractions of the biceps brachii muscle in
able-bodied individuals. We documented two main
aspects of the stimulation related to comfort across
three intensities (i.e. low, moderate, and high): prefer-
ence to a given stimulator, and the discomfort score
rated through a Numeric Rating Scale (NRS-101).
Reducing discomfort during FES may enable stronger,
more clinically useful contractions, making the therapy
more accessible for people with low tolerance to FES.

Table 1 Summary of participants’ demographics data.

Number of Age Sex Do|_r|r;|: 3 nt
Participants [mean + SD]

Male Female Right Left
12 27.25 +8.60 11 1 10 2
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Materials and methods

Participants

Twelve (12) able-bodied participants were recruited for
this study. Further details regarding the participants’
demographic information are provided in Table 1.
The University Health Network Ethics Committee
approved the protocols described below. Informed
consent was obtained from each participant before
undergoing experimentation.

Experimental setup

Torque

Participants were seated in the chair of a Biodex™
dynamometer (System 3, Biodex Medical System,
USA). To measure isometric torque during elbow
flexion, the axis of the dynamometer was aligned with
the axis of rotation of the participant’s elbow (Fig. 1).
The participant’s position in the chair was stabilized
with straps over the waist, trunk, and shoulder.

Functional electrical stimulation
Two FES systems were used: Compex Motion (Compex
SA, Switzerland) and MyndMove™ (MyndTec Inc,
Canada). Electrical pulses were delivered to the right
biceps brachii muscle using cutaneous adhesive gel elec-
trodes (5 by S5cm; Axelgaard Manufacturing,
Denmark). A custom-made circuit was designed to
switch the stimulator source delivered through the
same leads, ensuring electrode placement was consistent
between the two stimulators. Both MyndMove™ and
Compex Motion stimulators were programed to
deliver current pulses with a biphasic asymmetric wave-
form, pulse duration of 250-400 ps (i.e. values associ-
ated with optimal stimulation)>** and pulse
frequency of 40 Hz. To consider this range of pulse
widths (i.e. 250-400 ps), both stimulators were pro-
gramed to deliver current pulses with a duration of
250-300 ps for 5 participants and 400 ps for 7 partici-
pants, to allow for paired statistical comparisons.
Next, the biceps brachii motor points were identified
as the location on the skin’s surface where an electrical
pulse evoked a visible muscle twitch with the least elec-
trical current. The location of the motor points was
used for FES electrode placement. The active cathode
was positioned over the proximal motor points of the
short and long head of the biceps brachii. The return
anode was positioned distally at the end of the muscle
belly. The illustration of the experimental setup is
shown in Fig. 1.

Data collection
Torque data was recorded at 1 kHz sampling rate using
a data acquisition system, amplifier, and software
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Experimental setup. Isometric contractions of the right biceps brachii muscle during delivery of FES were measured

using a dynamometer. The axis of the dynamometer was aligned to the axis of rotation of the elbow joint. A switch was designed to
change the stimulator source between MyndMove™ and Compex Motion delivered through the same leads, ensuring consistent
electrode placement. Example current pulses for MyndMove™ and Compex Motion are shown in the output stage of the switch,

highlighting the difference in shape and amplitude.

package (LabChart, PowerLab, AD Instruments, USA)
and stored on the computer for analysis. A custom-
made circuit was designed to record the voltage and
current outputs from the stimulators during the exper-
iments, at 100 kHz sample rate. Additionally, to
capture the rise time of individual electrical pulses, we
used a digital oscilloscope (DSO6012A, 100 MHz, 2
GSA/s, Agilent Technologies, USA), which recorded
the voltage and current waveforms at 500 kHz, 2, and
100 MHz.

Experimental procedures

Throughout the study, the participants were blinded to
the stimulator type. Experimenters switched the stimu-
lator source using the switch box, which was placed out
of the field of view of the participants. The following
measurements were recorded during the study.

Maximal voluntary contraction
Before the trials involving electrical stimulation, each
participant was asked to perform two maximal

voluntary contractions (MVC) in biceps brachii
during elbow flexion. Participants were able to
monitor their torque production on a computer
screen and they were verbally encouraged to apply
their maximal effort during each trial. Each trial was
two seconds long. The peaks of both recordings were
compared, and the greater torque measurement was
recorded as the MVC.

Maximally-tolerated contractions and maximally-
tolerated torque

After the MVC was recorded, we determined the par-
ticipants’ maximally-tolerated contractions (MTCs)
for each stimulator type. First, the order in which the
stimulator type was presented was randomized. Then,
for each stimulator, two-second long FES pulse trains
were delivered every 10s with gradually increasing
stimulation intensity (i.e. pulse amplitude). The
minimum stimulation intensity necessary to produce
detectable torque for each stimulator was recorded as
the minimally-evoked torque (MET), which differed
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from the motor threshold (i.e. minimum intensity that
causes a visible muscle contraction, even if it does not
result in movement). Participants were instructed to
inform the researcher should the stimulation intensity
become intolerable. The peaks in torque measurements
produced during the maximally-tolerated FES trains
were recorded as MTCs for the respective stimulators.
Finally, the MTCs were compared between the two
stimulators and the lower torque was selected as the
maximally-tolerated torque (MTT).

Stimulator preference and self-reported discomfort
scores

After determining the MTCs for each stimulator and
the MTT, we assessed preference and perceived discom-
fort for each stimulator. Each participant reported their
perceived discomfort associated with the stimulation
across three intensities using a Numeric Rating Scale
(NRS-101). The NRS-101 scale has a range between 0
and 100, where O refers to no discomfort and 100
refers to the greatest discomfort (i.e. discomfort associ-
ated with the MTC in our study). The three current
intensities were matched to torque targets expressed
as percentages of the MTT:

e Low intensity: 25% of the MTT

e Moderate intensity: 50% of the MTT

e High intensity: 75% of the MTT

Each stimulation pulse train lasted two seconds. The
order in which the stimulation intensities were selected
was randomized for each participant. Participants
reported an initial assessment of discomfort in the
NRS-101 scale following stimulation to the biceps
brachii with a given intensity and stimulator type.
After discomfort was recorded for both stimulators,
we performed experiments to obtain each participant’s
preference for a particular stimulator. For a given
stimulation intensity, a pulse train was delivered from
each stimulator type, one to two seconds apart, in
random order. Immediately after the second contrac-
tion, the participants reported their preference as “A”
(i.e. first stimulator tested), “B” (i.e. second stimulator
tested), or no preference. This experiment was repeated
two more times for each stimulation intensity, each time
randomizing the order of stimulator type. Finally,
MTCs for each stimulator were determined once
again at the end of the experiment.

Data analyses were performed in MATLAB (v.2018a,
Mathworks, USA). For statistical analysis, two-sided
tests were used unless otherwise stated. Non-parametric
tests (two-sided Wilcoxon’s signed-rank test) were used
to assess the discomfort scores between stimulator type
for each stimulation intensity. A Chi-square (XZ) test was
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used to compare stimulator preference. For each two-
second train of pulses, we calculated the charge transfer
(i.e. total amount of the electrical charge delivered) as
the discrete integral of the leading current pulses (i.e.
anodic phase of stimulation) over time, expressed in
millicoulombs (mC). The rise time was defined as the
time it takes for the leading pulse to go from 10% to
90% of the steady-state amplitude. For the
MyndMove™ current pulse, we first used the trailing
pulse (i.e. cathodic phase of stimulation; 4 times
longer and with % of the amplitude of the leading
pulse) to estimate the steady-state amplitude. Finally,
this value was multiplied by 4 and used to calculate
the rise time of the leading pulse. MyndMove™ dis-
plays the steady-state amplitude of the leading pulse
as the user-controlled variable of current delivered.

Results

Perceived discomfort

The NRS-101 discomfort scores were recorded for each
participant, in three torque-matched conditions (i.e.
low, moderate, and high stimulation intensities; Fig.
2a), with two stimulator types (MyndMove™ and
Compex Motion), resulting in 72 data points (Fig.
2b). MyndMove™ discomfort scores were significantly
lower than Compex Motion scores in the high stimu-
lation intensity condition (Wilcoxon’s signed-rank
test, Bonferroni corrected, P = 0.016). However, dis-
comfort scores were not different for moderate (P =
0.0283) or low (P = 0.1328) stimulation intensities.

Stimulator preference

Three preference records were collected per participant
for each stimulation intensity, resulting in a total of 108
preference scores. These results are summarized in
Table 2. Preference was significant for MyndMove™
across all stimulation intensities: Xz (2, N=108) =
56.38, P = 5.71e-13. Unlike the discomfort scores, no
significant difference in preference was found between
stimulation intensities Xz 2, N=108)=1.24, P=
0.54. In other words, preference for MyndMove™
was similar across stimulation intensities.

Pulse rise time, peak current, steady-state
current and charge transfer

The estimated pulse rise times for MyndMove™ and
Compex Motion stimulators were 0.02 + 0.01 ps (n =
65) and 0.73 = 0.54 us (n = 62), respectively. Also, in
5 participants, Compex Motion current pulses were
delivered with a pulse width of 266.3 + 4.9 us (range:
260-280 ps), and 305.4 = 7 us (range: 280-320 ps) for
MyndMove™, while in 7 participants, Compex
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Figure 2 Torque-matched conditions and discomfort scores. a. Maximal torque values normalized to maximally-tolerated torque
for all participants with Compex Motion and MyndMove™ for each stimulation intensity. Normalized torque comparisons between
stimulation intensities were not significantly different between stimulator types: low intensity (unpaired Student’s t-test, P = 0.52),
moderate intensity (P = 0.99) and high intensity (P = 0.74). b. NRS-101 discomfort scores for Compex Motion and MyndMove™ for
each stimulation intensity. Bold lines mark the median discomfort score values for all participants in each stimulation intensity.

Discomfort scores between Compex Motion and MyndMove were significantly different in the high intensity stimulation condition.

Motion pulses had a width of 419 + 3 us (range: 410-
420 us), and 404.9 + 5.8 us (range: 380-410 us) for
MyndMove™.,

For individual two-second contractions generated
with each stimulator, we plotted the peak vs. steady-
state current against torque production (Fig. 3a and
b), to assess which current value was a better predictor
of torque production, given that MyndMove™ gener-
ates inverse exponential current pulses with a large
current peak at the beginning of a pulse and then
settling at a much lower steady-state current value,
which is the user-controlled variable of current deliv-
ered using MyndMove™, On the other hand, for
Compex Motion’s rectangular pulses, these two
current values were expected to be virtually the same.
A linear regression model was generated for each stimu-
lator, based on these two values as Torque = Peak
Current + Steady-State Current. Peak and steady-
state currents were virtually the same in Compex
Motion (Table 3), as shown in Fig. 3a. The model
had an R? = 0.702. On the other hand, the model of
peak and steady-state currents for MyndMove™

Table 2 Summary of stimulator preference data.

Prefers Prefers No
Intensity MyndMove Compex preference
Low 23 9 4
Moderate 19 13 4
High 23 6 7
Total 65 28 15

(R* = 0.612; Fig. 3b) highlights the difference between
these two values, where peak currents were better able
to predict torque production than steady-state currents.
A third model was generated from all values, adding
stimulator type as a categorical variable (R = 0.666;
Table 4). This model’s interaction terms confirmed
that both peak and steady-state currents from each
stimulator had a significantly different effect on
torque production, confirming that these two types of
current pulses generate torque in distinct ways.
Finally, linear regression models of Torque = Charge
Transfer were generated for Compex Motion (R* =
0.677) and MyndMove™ (R*>=0.453). In both
models (Fig. 4a and b), charge transfer was able to sig-
nificantly predict torque production (Table 3). A third
model was generated to compare Torque = Charge
Transfer * Stimulator Type (R = 0.581; Table 4), in
which the interaction term showed that Charge
Transfer was significantly different between two stimu-
lators. In other words, MyndMove™ required less
charge transfer than Compex Motion to generate a
given contraction. Additionally, we compared the
charge transfer during METs for each stimulator and
found that significantly smaller torques were detected
with MyndMove™ compared to Compex Motion
(n = 12; Wilcoxon’s signed-rank test, P = 0.0015; Fig.
5a). Naturally, these smaller torques were produced
with  significantly less charge transfer using
MyndMove™ (P = 4.9¢-04; Fig. 5a), which suggests
that MyndMove™ has greater efficacy than Compex
Motion. Similarly, we compared charge transfer
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Figure 3 Linear regression models of Torque = Peak Current + Steady-State Current for each stimulator. a. Model for Compex
Motion stimulator. Peak and Steady-State Currents were virtually the same because Compex Motion generates rectangular
pulses, although the current slightly overshoots before it stabilizes. The bold and dashed lines show the linear fit of the steady-
state and peak currents, respectively. b. Model for MyndMove™ stimulator. The difference in Peak and Steady-State Currents is
highlighted, where Peak Current was a better predictor of Torque production than Steady-State Currents (Table 3). The bold and
dashed lines show the linear fit of the steady-state and peak currents, respectively.

during MTCs for each stimulator. One participant
reached the maximum stimulation intensity deliverable
using MyndMove™ but did not consider it to be their
MTC, thus, their data was not considered in this analy-
sis. We found that MTCs were not different between
stimulators (n = 22; Wilcoxon’s signed-rank test, P =
0.93; Fig. 5b), however, consistent with our previous
observations, charge transfer was significantly lower
during MyndMove™ MTCs, compared to Compex
Motion (P = 4.3e-04; Fig. 5b).

Table 3 Coefficients of linear regression models of Torque =
Steady-State Current + Peak Current and Torque = Charge
Transfer for each stimulator.

Model Estimate SE tStat P Value
Compex Motion a -3.32 064 -517 9.44e-07
Torque=a+ B B 508 1.02 497 2.20e-06
(Steady-State C 535 1.01 5.30 5.23e-07
Current) + C (Peak

Current)

MyndMove a 056 047 1.21 0.23
Torque=a+ B B 0.30 0.12 246 0.02
(Steady-State C 0.14 0.01 11.48 4.31e-21
Current) + C (Peak

Current)

Compex Motion a 0.37 040 0.92 0.36
Torque = a+ B B 530 033 16.05 7.40e-32
(Charge Transfer)

MyndMove a -0.03 063 -0.05 096
Torque =a+ B B 693 069 10.06 1.13e-17
(Charge Transfer)
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Discussion

We compared discomfort scores and comfort-based
preference between two types of FES pulses. One type
of electrical stimulation pulses, produced by
MyndMove™, were current- and voltage-regulated
with an inverse exponential shape. The other type of
pulses, produced by Compex Motion, were current-
regulated with a rectangular shape. For both of these
types, the pulses were also balanced, biphasic and asym-
metric. Preference and discomfort for each stimulation
pulse (i.e. stimulator) were compared across high, mod-
erate, and low stimulation intensities in 12 able-bodied
participants, in which higher intensities led to more dis-
comfort. We found that discomfort scores for
MyndMove™ were significantly lower than scores for
Compex Motion in the high stimulation intensity con-
dition. However, scores were not significantly different
for moderate or low intensities, even though a trend
towards lower discomfort can be observed for the
MyndMove™ stimulator. Therefore, MyndMove™
would most likely increase accessibility to FES
therapy for people with low tolerance to FES. In
other words, one can deliver high intensity stimulation
and generate higher muscle torques using
MyndMove™ inverse exponential pulses, compared to
conventional rectangular stimulation pulses. The gener-
ation of stronger contractions is clinically relevant,
enabling therapists to increase the therapeutic effect of
FEST.



Garcia-Garcia et al.

Table 4 Analysis of variance of linear regression models of Torque = Charge * Stimulator Type and Torque = Peak Current *

Steady-State Current * Stimulator Type.

Sum Mean F P
Model Squares DF  Squares Value Value
Torque = Peak Current + Steady-State Peak Current 516.72 1 516.72 133.46 7.3%e-
Current + Stimulator Type + Steady-State Current * 25
Peak Current * Stimulator Type Steady-State Current 35.41 1 35.41 9.15 0.003
Stimulator Type 13.73 1 13.73 3.55 0.06
Peak Current * Steady- 6.24 1 6.24 1.61 0.21
State Current
Peak Current * Stimulator 96.15 1 96.15 2483 1.19e-
Type 06
Steady-State Current * 77.30 1 77.30 19.97 1.21e-
Stimulator Type 05
Peak Current * Steady- 0.73 1 0.73 0.19 0.66
State Current * Stimulator
Type
Error 933.07 241 3.87
Torque = Charge Transfer + Stimulator Type + Charge  Charge Transfer 1592.70 1 1592.70  333.53 1.30e-
Transfer * Stimulator Type 47
Stimulator Type 68.17 1 68.17 14.28 1.98e-
04
Charge Transfer * 23.19 1 23.19 486 0.03
Stimulator Type
Error 1170 245 4.78

Preference for MyndMove™ across all stimulation
intensities (i.e. 60.2%) was significantly greater com-
pared to Compex Motion stimulator, and no prefer-
ence, suggesting that even when the discomfort was
not reduced, participants found an unspecified quality
of MyndMove™ stimulation more comfortable. At
60.8%, preference for MyndMove™ over Compex
Motion, even though significant, was not beyond
doubt, which alludes to the fact that generally most

able-bodied participants find electrically-induced
a Compex Motion
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muscle contractions uncomfortable even when stimu-
lation parameters have been optimized.

The mechanism by which MyndMove™ is able to
generate stronger, more comfortable contractions,
might be a result of how the current pulses are
shaped. MyndMove™ delivers pulses with very fast
rise time (i.e. 0.03 pus), allowing fast electroporation of
lipid and cell membranes of the skin, resulting in a
drop of resistance.”® The sudden drop of resistance
allows more current to be delivered at the beginning
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Figure4 Linear regression models of Torque = Charge Transfer for each stimulator. a. Model for Compex Motion. The dashed line
shows the linear fit. b. Model for MyndMove™, where less charge transfer was generated for a given level of contraction,
compared to Compex Motion. The dashed line shows the linear fit.
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Figure 5 Minimally-evoked torque and maximally-tolerated contraction. a. Torque and charge transfer during the minimally-
evoked torque (MET) for each participant (n = 12). b. Torque and charge transfer during the maximally-tolerated contractions
(MTC) recorded and the beginning and end of the experiment for 11 participants (n = 22). One participant was not considered
because they did not reach a MTC with the highest stimulation intensity delivered with MyndMove™. *P < 0.05.

of the pulse and lower steady-state currents towards the
end of the pulse. This quality of MyndMove™ stimu-
lation might explain why some participants as described
it as “sharp at the beginning but becomes comfortable
towards the end of the contraction”. However, steady-
state currents poorly predict torque production for
MyndMove, so the reduction in discomfort was most
likely a result of delivering lower charge transfer com-
pared to the Compex Motion system. In a study by
Crago et al. '° rectangular current pulses were compared
against exponential current pulses during stimulation of
equivalent intensity. The authors found that charge
transfer was consistently higher in rectangular pulses
than exponential pulses. Although the discomfort was
not the primary focus of their study, we can deduce
that lower charge transfer is most likely the mechanism
behind MyndMove™ reducing discomfort during FES
interventions. Interestingly, MyndMove™ delivers
inverse exponential pulses, as opposed to the positive
exponential pulses (i.e. peak current was delivered
towards the end of the pulse) studied by Crago
et al'® thus, an exponential-shaped pulse seems
optimal during FES, as it delivers lower charge transfer
than a rectangular pulse, regardless of whether the peak
current is delivered at the beginning or end of the pulse.
Similar observations were made by Gracanin and
Trnkoczy,"” who concluded that the sensation of pain
during stimulation mainly depends on the amount of
charge delivered to the tissue.

Another interesting finding from this study is that
charge transfer might not be the only predictor of con-
traction strength, as indicated by the torque values
during MTCs (Fig. 5b), in which contractions of equiv-
alent strength were produced with significantly less

The Journal of Spinal Cord Medicine 2021 voL. 44 NO. S1

charge using MyndMove™ compared to Compex
Motion. The exact mechanism by which stimulation
delivered using exponential current pulses can generate
a contraction of equivalent strength with less charge
transfer, compared to rectangular pulses, is unknown.
During FES, reaching the motor threshold is required
to start motor unit recruitment to generate muscle con-
tractions. However, as demonstrated here, inverse expo-
nential vs. rectangular stimulation pulses might result in
different patterns of motor unit recruitment. These
differences are evident even at low stimulation intensi-
ties, as we found in this study during METs (Fig. 5b),
where MyndMove™ generated a detectable torque
with less charge transfer, compared to Compex
Motion. Naturally, when the MET was detected for
Compex Motion stimulation, the contraction was sig-
nificantly stronger compared to MyndMove™.

This difference in the pattern of motor unit recruit-
ment during MyndMove™ stimulation, which might
arise from the faster rise time and lower steady-state
currents, might also be influencing the discomfort
levels perceived by the participants. We speculate that
the difference in perceived discomfort arises from the
selective activation of nerve fibers, specifically, increas-
ing activation Aa extrafusal muscle fibers and sensory
fibers (groups Ia and Ib) innervating muscle spindles
and Golgi tendon organs, while decreasing activation
of Ad (group IIT) and C (group IV) sensory fibers.
The Ad and C sensory fibers innervate free nerve
endings and nociceptors, respectively. These fibers
have a long time constant (i.e. slow rate of adaptation),
which diminishes the probability of their activation
during an inverse exponential stimulation pulse
because low steady-state stimulation currents are
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reached before Ad and C fibers are activated. On the
other hand, a rectangular current stimulation pulse
would activate A§ and C sensory fibers. In other
words, with the inverse exponential pulse shape, one
can drop the steady-state stimulation current below
the activation threshold levels just before these fibers
are ready to respond to stimulation. This gives an
impression of lower intensity stimulation while deliver-
ing sufficient charge to activate myelinated and fast
responding Aa extrafusal muscle fibers. Further
studies will confirm if a faster rise time and lower
steady-state currents are contributing factors in redu-
cing discomfort in inverse exponential current pulses,
besides a reduction in charge transfer.

Limitations

The primary limitation of this study is that the compari-
son between the two types of FES pulses were con-
ducted in able-bodied individuals, without the
inclusion of participants with sensorimotor impair-
ments due to neurological injuries (e.g. stroke and
incomplete spinal cord injury). First, individuals with
sensorimotor impairments are more likely to be
exposed to FES through rehabilitation interventions
for improving their upper or lower limb motor func-
tions. In such applications, FES is delivered at higher
intensities (i.e. current amplitudes) in order to generate
muscle contractions in weakened and partially paral-
yzed muscles. Additionally, individuals with stroke or
incomplete spinal cord injury also experience impaired
somatosensory function, thus, reducing skin discomfort
during FES is all the more important to prevent with-
drawal from therapy. For these reasons, MTCs would
likely be different in the neurologically involved popu-
lation. Moreover, the stimulation train is usually main-
tained for much longer than 2s in therapeutic FES
applications. For example, in FEST for the recovery
of upper limb function in individuals with stroke, the
stimulation may be delivered continuously for 10 s or
longer, depending on the target tasks. While the 2-
second stimulation train was appropriate for the
current experimental design involving able-bodied par-
ticipants, in which we tried to avoid muscle fatigue,
comparing the discomfort of different FES pulse
types in individuals with sensorimotor impairments
would likely require longer trains of stimulation pulses.

Conclusions

To conclude, future studies where MyndMove™ is
tested under different experimental conditions (e.g.
other muscles), as well as in patients with neurological
conditions, such as incomplete spinal cord injury or

Comparing preference related to comfort in torque-matched muscle contractions

stroke, who have various levels of FES tolerance, will
help confirm our assertion that MyndMove™ stimu-
lation is preferred over conventional stimulators that
deliver rectangular pulses. Finally, the reported
reduction in discomfort might lead to an improvement
of clinical outcomes in FES rehabilitation therapies due
to the generation of stronger muscle contractions.

Abbreviations

FES

FEST
MET
MTC
MTT
MVC

functional electrical stimulation
functional electrical stimulation therapy
minimally-evoked torque
maximally-tolerated contraction
maximally-tolerated torque

maximal voluntary contraction
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