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Neuromuscular electrical stimulation (NMES) has been shown to impart a number
of health benefits. NMES can also be used to produce functional outcomes such
as grasping, walking, reaching, and cycling where it is termed functional electrical
stimulation (FES). However, one limitation to NMES/FES is the rapid onset of NMES-
induced fatigue. Fatigue limits the duration that NMES can be applied, and thus, the
health benefits of NMES may be enhanced by reducing NMES-induced fatigue and
allowing NMES to be applied for extended periods of time. Fatigue is also a limitation
to FES as it limits the duration that functional tasks can be performed. Two methods to
address fatigue include sequential stimulation and asynchronous stimulation. During
both sequential stimulation and asynchronous stimulation, multiple stimulation channels
are utilized to either segregate the desired muscle into multiple groups of motor units
or to segregate multiple synergistic muscles. The stimulus is then switched between
stimulation channels as time progresses, thereby reducing the average stimulation
frequency of the recruited motor units.

Asynchronous stimulation has been shown to reduce NMES-induced fatigue.
However, during asynchronous stimulation in man, the extent that NMES-induced
fatigue can be further reduced by reducing the stimulation frequency it is not presently
clear. In Chapter 2, the ability of both high- and low-frequency asynchronous stimulation

to reduce NMES-induced fatigue is compared to high- and low-frequency conventional
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stimulation in able-bodied and spinal cord injury populations. Both asynchronous
stimulation protocols are shown to result in less fatigue than conventional stimulation.
Furthermore, low-frequency asynchronous stimulation is shown to be advantageous
compared to high-frequency conventional stimulation.

While asynchronous stimulation can reduce fatigue, each stimulation channel is
likely to recruit a different number and/or type of motor unit for a given stimulus. Thus,
asynchronous stimulation may also exhibit a force ripple (i.e., contractions that are
not fully fused, thus exhibiting non-smooth force tracings). The amount of force ripple
present during asynchronous stimulation in man is not presently clear, and thus, in
Chapter 3, the force ripple is quantified during asynchronous and conventional single-
channel transcutaneous stimulation across a range of stimulation frequencies. While
high-frequency asynchronous stimulation is shown to evoke ripple similar to that of
volitional contractions, low-frequency asynchronous stimulation is found to induce
significant ripple.

Asynchronous stimulation and sequential stimulation have been shown to reduce
NMES-induced fatigue, and thus, these methods may extend the time that functional
tasks may be performed if they are combined with feedback control. However, one
limitation of both methods is that switching between stimulation channels introduces
discontinuities due to a differing response to stimulation by each group of recruited
motor units. Therefore, there is a need to design controllers which consider the switch-
ing dynamics and muscle response to stimulation. A continuous closed-loop feedback
controller is developed in Chapter 4 to yield semi-global asymptotic tracking of a desired
trajectory for a person’s knee-shank complex. In Chapter 5, a closed-loop feedback
controller is developed through a switched systems analysis to improve upon the work
in Chapter 4. The developed controller yields semi-global exponential tracking while
allowing for instant switching, relaxing gain conditions, and removing an implicit assump-

tion that there is zero activation overlap. The results in Chapters 4 and 5 indicate that
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asynchronous stimulation can successfully extend the duration of successful tracking
(compared to conventional stimulation) during feedback control, despite statistically
different responses between stimulation channels. These results are therefore promising
for the implementation of asynchronous stimulation for closed-loop rehabilitative proce-
dures and in assistive devices as a method to limit NMES-induced fatigue while tracking
a desired trajectory.

Chapter 6 concludes the dissertation with a discussion of the developed contribu-

tions and future efforts.
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CHAPTER 1
INTRODUCTION

Neuromuscular electrical stimulation (NMES) is defined as the use of an electrical
stimulus to elicit muscle contractions and is commonly used in rehabilitative settings
where the goal is typically to increase muscle size, strength, and function [1-5]. NMES
has been shown to impart a number of health benefits such as increased bone mineral
density [6, 7], improved muscular strength [8, 9], improved motor control [10, 11],
increased lean muscle mass and sensory ability [12], improved range of motion [9,

13], improved cardiovascular parameters [14, 15], and improved gait parameters

[16]. However, one limitation to NMES is the rapid onset of NMES-induced fatigue
compared to volitional contractions. Fatigue limits the duration that NMES can be
applied. Therefore, the aforementioned health benefits of NMES may be enhanced by
utilizing stimulation methods which reduce NMES-induced fatigue, thereby allowing for
increased dosage of rehabilitative treatment.

NMES can also be used to produce functional outcomes such as grasping [17-19],
walking [20—22], reaching [23], stair climbing [24], and cycling [25-31] where it is
termed functional electrical stimulation (FES). However, NMES-induced fatigue limits
the duration that functional tasks can be performed, motivating researchers to examine
alternative stimulation methods that may reduce fatigue such as doublets [32—-34], N-let
pulse trains [35], and modulation of the stimulation parameters [36—40].

One suggested cause of NMES-induced fatigue is a reversal of the Henneman’s
size principle [41] whereby slow-fatiguing motor units are preferentially recruited over
fast-fatiguing motor units; however, this assertion has recently been contended [42, 43].
Another suggested cause of NMES-induced fatigue is that, in contrast to physiological
contractions, conventional single-channel stimulation exhibits a nonselective, spatially
fixed, synchronous recruitment of motor units [42, 43]. Due to a temporal summation

of the muscle twitch response, higher stimulation frequencies are required to achieve
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a smooth force output when motor units are recruited synchronously rather than
asynchronously. Higher stimulation frequencies are associated with increased rates of
fatigue [44—46], and thus, when the goal is to minimize fatigue or to sustain a desired
functional outcome, low stimulation frequencies should be utilized. While doublets, N-let
pulse trains, and modulating the stimulation parameters have been shown to reduce
fatigue, these methods do not directly address the suggested cause of fatigue in [42,43].
Thus, researchers have developed two methods to more directly address the problem of
fatigue.

The first method is sequential stimulation [47,48] (although it has also been referred
to as alternating [49] and cyclical stimulation [50]). During sequential stimulation,
multiple stimulation channels are used either to segregate multiple synergistic muscles
[49, 50] or to segregate the desired muscle into multiple groups of motor units [47, 48].
Pulse trains are then sequentially delivered to each stimulation channel, thereby
allowing motor units to rest when the corresponding stimulation channel is not active.
Lower rates of fatigue can be attributed to a reduced duty cycle (i.e., a lower average
stimulation frequency) for the recruited motor units compared to conventional single-
channel stimulation.

A similar and more commonly used method to reduce fatigue is asynchronous
stimulation [51-53] (although it has also been referred to as rotary [54], distributed [55—
57], interleaved [58—61], sequential [62], and spatially distributed sequential stimulation
[63]). Similar to sequential stimulation, asynchronous stimulation utilizes multiple
stimulation channels to segregate motor units or synergistic muscles. However, during
asynchronous stimulation, the stimulus pulses are delivered in an interleaved fashion
(i.e., switching the active stimulation channel following each individual pulse rather
than after each pulse train). By interleaving the pulses, lower stimulation frequencies
are achieved at each stimulation channel while retaining a high composite stimulation

frequency. Similar to sequential stimulation, the ability of asynchronous stimulation to
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reduce NMES-induced fatigue can be attributed to the reduced stimulation frequency
of the recruited motor units compared to conventional single-channel stimulation.

An illustrative comparison of sequential stimulation, asynchronous stimulation, and
conventional stimulation is provided in Figure 1-1.

Both sequential stimulation and asynchronous stimulation have been shown to
reduce NMES-induced fatigue [47,49-52, 55, 56, 58—65]. Moreover, one study [50]
found that a shorter on-time (i.e., the time to keep one stimulation channel activated
before switching to the next channel) resulted in less fatigue, motivating the use of
asynchronous stimulation over sequential stimulation. However, only a limited number of
studies have examined asynchronous stimulation in human subjects [51,52, 56, 63—65].
Furthermore, it is well known that higher stimulation frequencies increase the rate of
fatigue during conventional single-channel stimulation [44—46], and thus, it is reasonable
to assume that the same frequency-fatigue relationship exists with asynchronous
stimulation. Two studies in cats indicate that lower stimulation frequencies may lead
to reduced fatigue during asynchronous stimulation [55, 60]. However, in each of the
aforementioned studies in man, one asynchronous stimulation protocol is compared to
one conventional stimulation protocol. In other words, the effect of stimulation frequency
on fatigue was not examined. Therefore, during asynchronous stimulation in man, the
extent that NMES-induced fatigue can be further reduced by reducing the stimulation
frequency it is not presently clear. Furthermore, asynchronous stimulation has been
examined in able-boded individuals [52, 65], individuals post-stroke [51], and individuals
with spinal cord injury (SCI) [56, 63, 64]; however, asynchronous stimulation has not
been examined in both able-bodied and SCI populations simultaneously.

In Chapter 2, the ability of both high- and low-frequency asynchronous stimulation
to reduce NMES-induced fatigue is compared to high- and low-frequency conventional
stimulation in both able-bodied and SCI populations. Low frequency asynchronous stim-

ulation is found to have significant fatigue benefits over high frequency asynchronous

15



stimulation as well as high- and low-frequency conventional stimulation, motivating its
use for rehabilitation and FES.

While the results of Chapter 2 and previous research have demonstrated the
effectiveness of asynchronous stimulation as a method to reduce fatigue [51, 52, 55,
56,58-60, 62—64], each stimulation channel is likely to recruit a different number and/or
type of motor unit for a given stimulus, leading to differing force responses for the same
stimulus. Therefore, similar to low-frequency conventional stimulation, asynchronous
stimulation may also exhibit a force ripple (i.e., contractions that are not fully fused, thus
exhibiting non-smooth force tracings).

Few results have examined force ripple with asynchronous stimulation
[54,57,58, 60]. Hughes et al. [58] studied epimysial stimulation of the plantaris longus
muscle in frogs. The authors found that asynchronous stimulation with 4 channels at 15
Hz (resulting in a composite frequency equivalent to 60 Hz single-channel stimulation)
produced less ripple than conventional (i.e., synchronous) single-channel stimulation at
15 Hz while producing more ripple than conventional single-channel 60 Hz stimulation.
Similarly, McDonnall et al. [60] studied asynchronous intrafascicular stimulation of the
sciatic nerve in cats and reported that 15 Hz stimulation with 4 channels (resulting in
a composite frequency equivalent to 60 Hz single-channel stimulation) resulted in less
ripple than conventional single-channel stimulation at 15 Hz. Lind and Petrofsky [54]
studied asynchronous stimulation through surgically divided groups of ventral roots in
cats, targeting the plantaris, medial gastrocnemius, and soleus. They showed that asyn-
chronous stimulation of 10 Hz with 3, 5, and 10 channels (composite frequencies of 30,
50, and 100 Hz) produced smoother contractions, greater tension, and a faster rate of
tension rise than conventional stimulation with a single channel at 10 Hz. Furthermore,
as the number of channels was increased, thereby increasing the composite frequency,
the tension increased in amplitude and became smoother. They also examined the

tension developed during asynchronous stimulation with 3, 5, or 10 stimulation channels
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at various stimulation frequencies and found that maximal tetanic tensions were always
reached at a lower frequency with asynchronous stimulation than with conventional
single-channel stimulation, but force ripple was not quantified. Brown et al. [57] studied
asynchronous stimulation of the soleus and medial gastrocnemius in cats by activating
the muscle through cut ventral roots with 6 channels of stimulation. They compared the
force ripple during asynchronous stimulation at multiple stimulation frequencies where
the pulses were delivered with equal time intervals or with unequal time intervals in an
attempt to reduce the ripple. They found that shifting the stimulus times could reduce the
ripple.

While there have been a few reports on force ripple during asynchronous stimu-
lation in cat and frog [54, 57, 58, 60], the amount of force ripple present during asyn-
chronous stimulation in man is not presently clear. Furthermore, in the aforementioned
studies, the authors utilized epimiysial or intrafasicular stimulation or the stimulus was
delivered through surgically divided ventral roots. Therefore, the amount of force ripple
present during asynchronous transcutaneous stimulation (i.e., stimulation with surface
electrodes, a method often used since it is noninvasive) in man is presently unknown.
Furthermore, it is expected that force ripple can be decreased by utilizing higher stim-
ulation frequencies; however, lower stimulation frequencies are preferred to reduce
NMES-induced fatigue. Thus, knowledge of the interplay between stimulation frequency
and force ripple may guide the choice of stimulation frequency during asynchronous
FES.

In Chapter 3, the force ripple is quantified during asynchronous and conventional
single-channel transcutaneous stimulation across a range of stimulation frequencies
in isometric conditions. The ripple was measured during five asynchronous stimulation
protocols, two conventional stimulation protocols, and three volitional contractions in

twelve able-bodied individuals. Conventional 40 Hz and asynchronous 16 Hz stimulation
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were found to induce contractions that were as smooth as volitional contractions; how-
ever, asynchronous 8, 10, and 12 Hz stimulation induced contractions with significant
ripple.

During both sequential stimulation and asynchronous stimulation, multiple stimula-
tion channels are utilized to either segregate the desired muscle into multiple groups of
motor units or to segregate multiple synergistic muscles. The stimulus is then switched
between stimulation channels as time progresses in an effort to avoid synchronous
recruitment of motor units, thereby reducing the average stimulation frequency of
the recruited motor units. Both asynchronous stimulation [51, 52, 55, 56, 58—67] and
sequential stimulation [47-50] have been shown to reduce NMES-induced fatigue
compared to conventional single-channel stimulation [47,49-52, 55, 56, 58—65], and
thus, these methods may extend the time that functional tasks may be performed if they
are combined with feedback control. However, previous studies have primarily focused
on isometric contractions with fixed stimulation parameters (i.e., open-loop stimula-
tion) [47,50, 55, 56,58-65, 67]. Therefore, it is presently unclear if the fatigue benefits
reported for open-loop stimulation similarly applies to feedback control of NMES in man.
One study [50] found that a shorter on-time (i.e., the time to keep one stimulation chan-
nel activated before switching to the next channel) resulted in less fatigue, motivating the
use of asynchronous stimulation over sequential stimulation. However, incorporating ei-
ther of these stimulation strategies with a closed-loop controller is challenging due to the
need to switch between different synergistic muscles (or different groups of motor units
within a given muscle) while maintaining stability of the closed-loop system. Specifically,
the muscle’s response to a given stimulus will differ for each stimulation channel since
each channel activates a different number and/or type of motor units. Thus, there is a
need to design a controller that considers the switching dynamics and muscle response
to stimulation. Since both stimulation methods exhibit the same closed-loop control

challenges and asynchronous stimulation is more commonly used, the subsequent limb
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model, control development, and experiment sections of the dissertation will refer only to
asynchronous stimulation without loss of generality.

While constructive control developments and associated stability analyses have
been previously developed for conventional single-channel stimulation [27, 30, 68—71],
limited development has been provided for multi-channel asynchronous stimulation.
Lau et al. [66] studied standing in cats and found that the duration of standing achieved
during closed-loop control of asynchronous stimulation was longer than that for open-
loop control. However, the closed-loop controller implemented was a logic-based
if-then-else algorithm without modeling or stability analysis. Similarly, Frankel et al. [72]
implemented an iterative learning controller for isometric force control in cats; however,
no modeling or stability analysis was included. Based on the preliminary work in [73],
a closed-loop tracking controller is developed for asynchronous stimulation in Chapter
4. The associated stability analysis yields semi-global asymptotic tracking despite
switching between stimulation channels, parametric uncertainties in the nonlinear
dynamics, and the presence of exogenous disturbances. As a result of the designed
transition period, which can be made arbitrarily short by adjusting the control gains,
switching is arbitrary in the sense that the switching signal is not dependent on the
states and the switching can be arbitrarily fast. The developed controller is applied
to both asynchronous and conventional stimulation in experiments with a modified
leg extension machine to compare the ability of each stimulation method to maintain
trajectory tracking. Asynchronous stimulation with the developed closed-loop controller
is found to significantly prolong the functional movements of the lower limb. This
result is promising for the implementation of asynchronous stimulation in closed-loop
rehabilitative procedures and in assistive devices as a method to reduce fatigue while
maintaining a person’s ability to track a desired limb trajectory.

While the continuous control law developed in Chapter 4 achieves semi-global

asymptotic tracking despite bounded time-varying disturbances, the control design
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required there to be a finite window of time where the control voltage is transitioned
from one channel to another. Heuristically, a transition period is expected to lead to
increased muscle fatigue since each stimulation channel will be activated longer than
otherwise desired. Furthermore, in practice, stimulation channels are instantly switched,
motivating the design of a control law that allows for instant switching. Although the
transition period in Chapter 4 can be made arbitrarily small to approximate instant
switching, increased control gains are required to compensate for smaller transition
periods. Furthermore, the work in Chapter 4 implicitly assumes that the motor units
recruited by each stimulation channel are independent. Yet, some degree of activation
overlap is expected in practice, and therefore, it is motivated to remove this assumption
in the control design. In Chapter 5, a switched systems analysis is used to examine

an alternative control approach which allows for instantaneous switching between
stimulation channels, without additional requirements on the control gains. The work in
Chapter 5 also removes the implicit assumption that there is no activation overlap. A
closed-loop feedback controller is developed to yield semi-global exponential tracking
where the switching is arbitrary in the sense that the switching signal can be defined a
priori and is not dependent on the states. The developed controller is implemented on
four individuals with asynchronous and conventional stimulation. While it is expected
that each asynchronous stimulation channel would respond differently to stimulation
(resulting in different recruitment curves), it has not previously been examined. There-
fore, tests were also conducted to examine the differences in the responses between
each asynchronous stimulation channel. Asynchronous stimulation is found to result in
statistically longer durations of successful tracking for the knee-joint angle despite statis-
tically different responses between the stimulation channels. The results of Chapters 4
and 5 are promising for the implementation of asynchronous stimulation for closed-loop
rehabilitative treatments and for assistive devices as a method to limit NMES-induced

fatigue while tracking a desired trajectory.
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Figure 1-1. Asynchronous stimulation, sequential stimulation, and conventional
stimulation diagram.
During sequential stimulation, multiple channels are utilized where high frequency pulse
trains are delivered sequentially to each channel resulting in a lower average stimula-
tion frequency per channel. In the present example, each stimulation channel receives
pulses at 40 Hz; however, the average stimulation frequency is 10 Hz per channel. Dur-
ing asynchronous stimulation, multiple channels are utilized where high composite stim-
ulation frequencies are achieved by interleaving the pulses. Depicted is asynchronous
10 Hz stimulation with 4 channels where each channel receives pulse trains at 10 Hz,
but the composite stimulation frequency is 40 Hz. During conventional stimulation, only
a single stimulation channel is utilized and higher stimulation frequencies are required
to achieve a strong and smooth force output resulting in the onset of fatigue. Depicted in
the present example is 40 Hz conventional stimulation. Note that the width of the pulses
is not drawn to scale for illustrative purposes.
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CHAPTER 2
LOW FREQUENCY ASYNCHRONOUS STIMULATION REDUCES NMES-INDUCED
FATIGUE IN SCI AND ABLE-BODIED INDIVIDUALS

Multi-channel asynchronous stimulation has been previously shown to reduce
NMES-induced fatigue compared to conventional single-channel stimulation. However,
in previous studies in man, the effect of stimulation frequency on the NMES-induced fa-
tigue has not been examined for asynchronous stimulation. Low stimulation frequencies
are known to reduce fatigue during conventional stimulation, and thus, it is reasonable to
assume that the same frequency-fatigue relationship exists with asynchronous stimula-
tion. In this chapter, the ability of both high- and low-frequency asynchronous stimulation
to reduce NMES-induced fatigue is compared to high- and low-frequency conventional
stimulation in both able-bodied and spinal cord injury populations. Low frequency asyn-
chronous stimulation is found to have significant fatigue benefits over high frequency
asynchronous stimulation as well as high- and low-frequency conventional stimulation,
motivating its use for rehabilitation and FES.

2.1 Methods
2.1.1 Subjects

Asynchronous and conventional stimulation were examined in both able-bodied
and spinal cord injured populations to better understand the NMES-induced fatigue
characteristics of the stimulation protocols. Four individuals with SCI (3 male, 1 female,
aged 35 to 63) participated in the study at the Medical University of South Carolina.
Prior to participation, written informed consent was obtained from all participants, as
approved by the institutional review board at the Medical University of South Carolina.
All participants were medically stable, but a physical therapist was present during the
study to monitor vital signs as needed and to monitor for signs of autonomic dysreflexia.
Demographics are listed in Table 2-1 for the four individuals with SCI. Four able-bodied

individuals (3 male, 1 female, aged 20 to 27) also participated in the study at the
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Table 2-1. Demographics of the SCI study group.
Subject Age Sex Injury Months Since Injury

A 5% M C6 28.7
B 36 M C7 65.6
C 63 F T10 77.8
D 3% M C4 179.3

University of Florida. Prior to participation, written informed consent was obtained from
all participants, as approved by the institutional review board at the University of Florida.
2.1.2 Apparatus

All testing was performed using an apparatus that consisted of the following: 1)
a current-controlled 8-channel stimulator (RehaStim, Hasomed GmbH, Germany),
2) a data acquisition device (Quanser Q8-USB), 3) a personal computer running
Matlab/Simulink, and 4) a dynamometer to measure the isometric knee-joint torque.
At the University of Florida, the dynamometer is a modified leg extension machine
(LEM) fitted with force transducers while a Biodex System 4 Pro dynamometer was
utilized at the Medical University of South Carolina and is depicted in Figure 2-1. The
LEM and Biodex allow for seating adjustments to ensure that the center of rotation
of the knee joint could be aligned with the center of rotation of the dynamometers. In
both apparatuses, the thigh was parallel to the ground and the shank was in a gravity
eliminated position. In general, the hips were flexed approximately 75 degrees, though a
reclined (i.e., more extended) position was utilized for SCI individuals that did not have
adequate trunk control (i.e., those with cervical level injuries) and straps were used to
stabilize the torso.
2.1.3 Stimulation Protocols

Four stimulation protocols were examined: 8 Hz asynchronous stimulation (A8), 16
Hz asynchronous stimulation (A16), 32 Hz conventional stimulation (C32), and 64 Hz
conventional stimulation (C64). Conventional stimulation consists of a single stimulation

channel with a pair of 3” by 5” Valutrode® surface electrodes placed over the quadriceps
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Figure 2-1. Biodex dynamometer.

Individuals with SCI were seated at the Biodex dynamometer to measure isometric knee
joint torque as the muscle fatigues during four stimulation protocols. The protocol order
was randomized and electrode positions were marked so that the positioning could be
replicated when switching between asynchronous and conventional electrode config-
urations. Pictured above is single-channel conventional stimulation on the individual’s
left leg and four-channel asynchronous stimulation on the individual’s right leg. Seating
adjustments were made to ensure that the center of rotation of the knee joint could be
aligned with the center of rotation of the dynamometer. Photo courtesy of Ryan Downey.
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femoris muscle group, while asynchronous stimulation consists of four channels of
stimulation utilizing four electrodes placed distally (1.5” by 3.5” Valutrode®) and two
electrodes placed proximally (2” by 3.5” Valutrode®).! For asynchronous stimulation,
each channel utilized the same current amplitude, but the stimulation pulses were
interleaved across the stimulation channels. In other words, asynchronous stimulation
of 16 Hz with four channels results in a composite stimulation frequency of 64 Hz. The
electrode configuration utilized during asynchronous stimulation is depicted in Figure
2-2, and the method of interleaving the pulses across the stimulation channels is the
same as previously depicted for asynchronous stimulation in Figure 1-1.
2.1.4 Determining the Desired Initial Torque

In the subsequently described fatigue trials, the current amplitude is adjusted
before the start of each fatigue trial to match the initial torque to a predetermined level.
To account for variability in each individual’s strength, the desired torque level was
determined specifically for each leg in a pretrial (i.e., before any fatigue trials were
conducted) test with conventional 64 Hz stimulation. The pretrial test also served as a
warm-up session and allowed for individuals to become accustomed to the sensation of
the electrical pulses. During the pretrial test, pulse trains were delivered 5 seconds at a
time with 25 seconds of rest between pulse trains. The resulting torque was analyzed
immediately following each contraction and the current amplitude was adjusted during
the rest period preceding the following contraction. Since all four stimulation protocols
were examined on the same day, it was expected that there would be some layover
effect of fatigue, even with rest between fatigue trials. Therefore, the subsequently
described criteria were used to determine the desired initial torque so that the layover

effect of fatigue would not later preclude torque matching.

! Surface electrodes for the study were provided compliments of Axelgaard Manufac-
turing Co., Ltd.
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Figure 2-2. Asynchronous electrode configuration.
Electrode configuration utilized for four-channel asynchronous stimulation with two elec-
trodes placed proximally and four electrodes placed distally. Stimulation channels 1 and
3 share the most medial and proximal electrode, while stimulation channels 2 and 4
share the most lateral and proximal electrode. Photo courtesy of Ryan Downey.
21.41 SCI

For individuals with SCI, the current amplitude was incremented between con-
tractions until one of the following three conditions were met: 1) the isometric torque
reached 20 N - m, 2) the torque output began to plateau with increases in current ampli-
tude, or 3) the current amplitude reached 100 mA, whichever occurred first. If the torque
reached 20 N - m during this phase of the experiment, then the desired torque was set

to 20 N - m for the subsequent fatigue trials. Otherwise, the desired torque was set to

75% of the maximum torque achieved during the pretrial test in an effort to account for
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any layover effect of fatigue between trials. The torque reached 20 N - m for only one
leg of one individual in the pretrial test. After determining the desired torque based on
the aforementioned criteria, this value was used as the targeted initial torque for all
subsequent fatigue trials on the same leg.
2.1.4.2 Able-bodied

For able-bodied individuals, the current amplitude was incremented between
contractions until one of the following three conditions were met: 1) the isometric
torque reached 10% of their maximal voluntary contraction (MVC), 2) the torque output
began to plateau with increases in current amplitude, or 3) the individual experienced
discomfort in response to the stimulation, whichever occurred first. If the torque reached
10% of the MVC during this phase of the experiment, then the desired torque was set to
10% of the MVC for the subsequent fatigue trials. Otherwise, the desired torque was set
to 75% of the maximum torque achieved during the pretrial test in an effort to account
for any layover effect of fatigue between trials. The torque reached 10% of the MVC for
all able-bodied individuals in the pretrial test. After determining the desired torque based
on the aforementioned criteria, this value was used as the targeted initial torque for all
subsequent fatigue trials on the same leg.
2.1.5 Fatigue Trials

After the desired torque level was determined for each leg, fatigue trials were
conducted for each of the four stimulation protocols. Fatigue trials consisted of 5
minutes of intermittent stimulation where pulse trains were delivered for 5 seconds and
then the muscle was allowed to rest for 5 seconds. To increase subject comfort during
delivery of each 5-second pulse train, the current amplitude was increased as a ramp
from 0 mA to the desired current amplitude over the course of 1 second. The current
amplitude then remained constant for 3 seconds before returning to 0 mA over the

course of 1 second.
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2.1.5.1 Precautionary measures

Since all four stimulation protocols were examined on the same day, the protocol
order was randomized and participants were allowed to rest between trials. A minimum
of 20 minutes of rest was given between trials although participants were allowed to
rest longer if they so desired. Electrode positions were marked so that the placement
could be replicated when switching between asynchronous and conventional electrode
configurations.
2.1.5.2 Setting the current amplitude

Before the start of each fatigue trial, the current amplitude was adjusted in order
to match the initial value of torque to the desired initial torque that was determined
previously (Section 2.1.4). During this phase of the experiment, pulse trains were
delivered 5 seconds at a time with 25 seconds of rest between pulse trains. The
resulting torque was analyzed immediately following each contraction and the current
amplitude was adjusted during the rest period preceding the following contraction.
Fatigue trials were initiated immediately after determining the appropriate current
amplitude.

An alternative approach to the study would have been to utilize the same current
amplitude for all stimulation protocols in an effort to recruit the same number of fibers
for each protocol. However, there is no guarantee that matching the current amplitude
across asynchronous and conventional stimulation would recruit the same number of
fibers. Given the non-selective recruitment patterns for NMES [42, 43], the relative drop
in force should be consistent across stimulation intensities (i.e., current amplitudes).
Therefore, similar to [60,63—-65], the current amplitude was adjusted for each stimulation
protocol in order to reach a desired value of torque.

2.1.6 Data Analysis
The mean isometric torque was calculated for each contraction (30 contractions

per fatigue trial). To account for intersubject variability in strength and intrasubject
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variability in the initial contraction, the torque was then normalized by the mean torque
of the first contraction. The four stimulation protocols were compared according to the
following metrics: fatigue time, and fatigue index. Fatigue time denotes the time elapsed
between the first contraction and the contraction at which the torque decreased below
80% of the initial contraction. Fatigue index is the ratio of the mean torque produced in
the final three contractions to the torque produced in the first contraction. To account
for intersubject variability in terms of fatigability of the muscle, fatigue times were
normalized by the mean fatigue time of all stimulation protocols for each leg. The same
normalization process was applied to the fatigue index. Analysis of variance (ANOVA)
was performed on the normalized fatigue time and fatigue index of the group data at a
significance level of & = 0.05. Post hoc analysis (Tukey—Kramer method) was used to
determine differences between individual stimulation protocols at a significance level of
a = 0.05.
2.2 Results

2.2.1 Torque Matching

Matching the initial torque to the desired level proved to be difficult in the SCI
population as the torque mismatch was greater than 25% of the desired initial torque
in six of the 32 fatigue trials (note there were 32 fatigue trials in the SCI population
as four protocols were tested on both legs of the four individuals). In five of these six
instances, the maximum possible current amplitude for the stimulator (126 mA) was
reached and in the remaining instance, the torque plateaued with respect to increasing
current amplitude. These results suggest that there may have been some layover effect
of fatigue in the SCI population, even after 20 minutes of rest. Meanwhile, in the able-
bodied population, the torque mismatch was greater than 25% of the desired initial

torque in only one of the 32 fatigue trials.
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2.2.2 Fatigue
2.2.2.1 SCI

Figure 2-3 shows the normalized torque for each protocol across all SCI partici-
pants as a function of the contraction number. Fatigue times are provided in Table 2-2
and the fatigue indices are provided in Table 2-3. ANOVA revealed differences in the
fatigue time of the four protocols (F' = 71.41, p = 3.110F — 13) as well as the fatigue
index (F' = 22.33, p = 1.379F — 7). Post hoc analysis indicated that the mean fatigue
time of A8 was significantly longer than that of A16, C32, and C64; A16 was significantly
longer than C32 and C64; and C32 was significantly longer than C64. Further, post hoc
analysis indicated that the mean fatigue index of A8 was significantly larger than C32
and C64; and A16 and C32 were significantly larger than C64. Significant differences
between the mean fatigue index of A8 and A16 could not be concluded. Significant
differences could also not be concluded between the mean fatigue index of A16 and

C32.

Table 2-2. Fatigue time (in seconds) - SCI.

Subject-Leg A8 A16 C32 Co4
A - Left 170.0 160.0 50.0 20.0
A - Right 190.0 70.0 40.0 20.0
B - Left 170.0 140.0 60.0 10.0
B - Right 130.0 60.0 40.0 10.0
C - Left 70.0 70.0 50.0 10.0
C - Right 100.0 80.0 50.0 30.0
D - Left 180.0 140.0 60.0 10.0
D - Right 110.0 80.0 60.0 20.0
Mean 140.0¢*¢ 100.0** 51.3° 16.3
SD 43.8 39.6 8.3 7.4

@ Significantly longer fatigue time than C64
b Significantly longer fatigue time than C32
< Significantly longer fatigue time than A16
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Figure 2-3. Isometric muscle fatigue in SCI individuals.

Fatigue in SCI individuals represented by the normalized torque produced + the stan-
dard error of the mean (SEM) as a function of the contraction number.
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Table 2-3. Fatigue index - SCI.

Subject-Leg A8 A16 C32 Coe4
A - Left 0.689 0.617 0.566 0.238
A - Right 0.720 0.746 0.526 0.361
B - Left 0.604 0.413 0.353 0.170
B - Right 0.615 0.300 0.274 0.090
C - Left 0.384 0.444 0.354 0.157
C - Right 0.628 0.523 0.526 0.358
D - Left 0.746 0.609 0.440 0.432
D - Right 0.544 0.541 0.558 0.473
Mean 0.616** 0.524¢ 0.450° 0.285
SD 0.115 0.139 0.111  0.140

@Significantly larger fatigue index than C64
bSignificantly larger fatigue index than C32
2.2.2.2 Able-bodied

Figure 2-4 shows the normalized torque for each protocol across all able-bodied
participants as a function of the contraction number. Fatigue times are provided in Table
2-4 and the fatigue indices are provided in Table 2-5. ANOVA revealed differences in the
fatigue time of the four protocols (F = 59.61, p = 2.814F — 12) as well as the fatigue index
(F = 37.27, p = 6.527F — 10). Post hoc analysis indicated that the mean fatigue time of
A8 was significantly longer than that of A16, C32, and C64; and A16 was significantly
longer than C32 and C64. Statistical differences could not be concluded between C32
and C64. Further, post hoc analysis indicated that the mean fatigue index of A8 was
significantly larger than A16, C32 and C64; A16 was significantly larger than C32 and
C64; and C32 was significantly larger than C64.

2.3 Discussion

Previous studies have suggested that asynchronous stimulation may reduce NMES-

induced fatigue compared to conventional single-channel stimulation. Popovic et al.

examined isometric knee torque and found that asynchronous 16 Hz stimulation with
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Figure 2-4. Isometric muscle fatigue in able-bodied individuals.
Fatigue in able-bodied individuals represented by the normalized torque produced + the
standard error of the mean (SEM) as a function of the contraction number.
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Table 2-4. Fatigue time (in seconds) - able-bodied.

Subject-Leg A8 A16 C32 Co64
A - Left 300.0 100.0 60.0 20.0
A - Right 300.0 100.0 40.0 30.0
B - Left 260.0 80.0 50.0 40.0
B - Right 300.0 90.0 90.0 70.0
C - Left 240.0 150.0 100.0 40.0
C - Right 300.0 300.0 70.0 40.0
D - Left 300.0 120.0 60.0 30.0
D - Right 300.0 300.0 180.0 50.0
Mean 287.5%¢ 155.0¢* 81.3 40.0
SD 23.8 92.0 445 151

@ Significantly longer fatigue time than C64

b Significantly longer fatigue time than C32

¢ Significantly longer fatigue time than A16

four channels prolonged the average fatigue interval by 153% compared to conventional
40 Hz stimulation in six individuals with SCI [64]. In a follow up study to [64], Malesevic
et al. found that asynchronous 16 Hz stimulation with four channels resulted in 26%
longer fatigue intervals compared to conventional 30 Hz stimulation in six individuals
with SCI [56]. Nguyen et al. examined isometric ankle torque and found asynchronous
10 Hz stimulation with four channels resulted in a 280% longer time to fatigue and a
234% higher fatigue index than conventional 40 Hz stimulation in one individual with
SCI [63]. Downey et al. examined FES cycling and found that asynchronous 16.67 Hz
stimulation with 6 channels almost doubled the fatigue time compared to conventional
30 Hz stimulation in two able-bodied individuals [52]. Maneski et al. examined grasping
pressure and found that asynchronous 10 Hz stimulation with four channels more

than doubled the time interval before the onset of fatigue compared to conventional

40 Hz stimulation in six individuals post-stroke [51]. Sayenko et al. concluded that
asynchronous 10 Hz stimulation with four stimulation channels is more effective at

reducing muscle fatigue compared to 40 Hz conventional stimulation in able-bodied
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Table 2-5. Fatigue index - able-bodied.

Subject-Leg A8 A16 C32 Coe4
A - Left 0.894 0.740 0.617 0.235
A - Right 0.970 0.640 0.658 0.661
B - Left 0.756 0.661 0.612 0.284
B - Right 0.962 0.721 0.681 0.510
C - Left 0.894 0.617 0.488 0.337
C - Right 0.849 0.958 0.683 0.528
D - Left 0.813 0.793 0.451 0.436
D - Right 0.977 0.898 0.736 0.605
Mean 0.889+%¢  0.754** 0.616° 0.450
SD 0.080 0.123 0.099 0.154

@Significantly larger fatigue index than C64
bSignificantly larger fatigue index than C32
<Significantly larger fatigue index than A16
individuals and the reason is that different sets of muscle fibers are activated alternately
by the different electrodes [65].

In the SCI population of the present study, asynchronous stimulation resulted in
a longer fatigue time than conventional stimulation with A16 yielding a 513% increase
over C64 and A8 yielding a 173% increase over C32. In the able-bodied population,
asynchronous stimulation also resulted in a longer fatigue time than conventional
stimulation with A16 yielding a 287% increase over C64 and A8 yielding a 253%
increase over C32. However, it should be noted that the muscle did not fatigue beyond
the 80% threshold in six of the A8 trials and two of the A16 trials. Therefore, the true
fatigue times are likely to be longer than the reported values of 300 seconds (i.e., the
entire duration of the fatigue trials) in Table 2-4. Asynchronous stimulation also resulted
in less total fatigue at the end of the trials compared to conventional stimulation. In the
SCI population, A16 yielded an 84% larger fatigue index than C64 and A8 yielded a 37%
larger fatigue index than C32. Similarly, in the able-bodied population, A16 yielded a
68% larger fatigue index than C64 and A8 yielded a 44% larger fatigue index than C32.
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While it is well known that asynchronous stimulation reduces NMES-induced fatigue
compared to conventional stimulation, lower frequency asynchronous stimulation may
also be preferred over high frequency asynchronous stimulation. Wise et al. examined
six-channel asynchronous stimulation in cats at both 6 Hz and 10 Hz [55]. The authors
found that 6 Hz stimulation resulted in less fatigue than 10 Hz during intermittent
stimulation, but it did not result in less fatigue during continuous stimulation. However,
data was only collected in two cats for 10 Hz continuous stimulation and in three cats
for 6 Hz continuous stimulation. Furthermore, the authors stated that the discrepancy
between intermittent and continuous stimulation may be due to the fact that there
was a large amount of potentiation present at the beginning of the 10 Hz continuous
stimulation protocol. Although lowering the stimulation frequency did not reduce fatigue
during continuous asynchronous stimulation in [55], a more recent study by McDonnall
et al. also examined continuous asynchronous stimulation in cats. The authors found
that four-channel asynchronous stimulation at 15 Hz resulted in a greater fatigue index
(i.e., less fatigue) than two-channel asynchronous stimulation at 30 Hz [60].

In the present study, there was significant advantage to utilizing lower stimulation
frequencies, even for asynchronous stimulation, as post hoc analysis determined that
A8 resulted in significantly longer fatigue times than A16 (40% longer on average in
the SCI population and 85% longer on average in the able-bodied population). Post
hoc analysis also determined there to be a statistically significant difference in the
mean fatigue indices of A8 and A16 for the able-bodied population but a statistical
difference could not be concluded for the SCI population. However, the data suggests
that A8 leads to less total fatigue as A8 resulted in an 18% greater fatigue index than
A16 on average for both populations. While there are obvious differences between
the able-bodied and SCI populations in the sense that the SCI population exhibited

higher rates of fatigue (cf. Tables 2-2 and 2-4) and more total fatigue at the end of the
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trials (cf. Tables 2-3 and 2-5), both populations exhibited the same general trend in the
performance of the four protocols.

While the present results are promising in that the fatigue benefits of asynchronous
stimulation can be extended by reducing the stimulation frequency, care should be taken
when using low frequency asynchronous stimulation in certain applications because low
frequency asynchronous stimulation may result in a significant force ripple [74]. Force
ripple is unlikely to be a major concern if asynchronous stimulation is used for muscle
strengthening, increasing bone mineral density, or other rehabilitative efforts. However,
it may pose a problem to FES where feedback control may be required, although efforts
have been made to develop controllers that allow for limbs to track a desired trajectory
during asynchronous stimulation [73]. Furthermore, while asynchronous stimulation may
reduce NMES-induced fatigue, conventional stimulation may be preferred for muscle
strengthening therapy as indicated by one study [56]. However, when the goal of NMES
is to increase bone mineral density [6], improve cardiovascular parameters [14, 15], or
achieve other health related benefits other than muscle strengthening, asynchronous
stimulation is preferred over conventional stimulation since it allows the treatment
duration to be extended. Similarly, asynchronous stimulation is also preferred over con-
ventional stimulation in FES applications where desired tasks and movements need to
be accomplished for as long as possible. In conclusion, the present work demonstrated
that NMES-induced fatigue is significantly reduced with asynchronous stimulation and
that low frequency asynchronous stimulation significantly reduces fatigue compared
to high frequency asynchronous stimulation. The results are promising both for clinical

adoption of asynchronous stimulation and for its use in assistive devices.
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CHAPTER 3
COMPARING THE FORCE RIPPLE DURING ASYNCHRONOUS AND
CONVENTIONAL STIMULATION

Asynchronous stimulation has been shown to reduce fatigue during electrical stimu-
lation; however, it may also exhibit a force ripple. In this chapter, ripple is quantified dur-
ing asynchronous and conventional single-channel transcutaneous stimulation across
a range of stimulation frequencies. The ripple was measured during five asynchronous
stimulation protocols, two conventional stimulation protocols, and three volitional con-
tractions in twelve healthy individuals. Conventional 40 Hz and asynchronous 16 Hz
stimulation were found to induce contractions that were as smooth as volitional contrac-
tions. Asynchronous 8, 10, and 12 Hz stimulation induced contractions with significant
ripple. Thus, while lower stimulation frequencies can reduce fatigue, they may also lead
to increased ripple.

3.1 Methods

Twelve healthy individuals (age 28.5 + 7.5 years) participated in the study. Prior to
participation, written informed consent was obtained from each individual, as approved
by the institutional review board at the University of Florida. Individuals were asked to
sit in a modified leg extension machine (LEM). The LEM allows for seating adjustments
such that the axis of rotation of the knee joint could be aligned with the axis of rotation of
the LEM. The LEM was fitted with a force transducer such that the isometric knee-joint
torque could be measured. Isometric torque was recorded during five asynchronous
stimulation protocols with stimulation frequencies ranging from 8 to 16 Hz in 2 Hz
steps as well as during two conventional (i.e., synchronous) single-channel stimulation
protocols with stimulation frequencies of 20 and 40 Hz. Isometric torque was also
acquired during volitional contractions to provide a reference for the smoothness of
volitional contractions in healthy individuals. As stated previously, a force ripple is
characterized by contractions that are not fully fused, thus exhibiting force tracings

(or equivalently, torque tracings) which are not smooth. Recorded isometric torque
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Figure 3-1. Isometric torque measurements.

Example isometric torque measurements acquired from a single individual which illus-
trates the presence of ripple (i.e., contractions exhibiting force tracings which are not
smooth) during asynchronous stimulation. A16 and A8 refer to asynchronous multi-
channel stimulation of 16 and 8 Hz, respectively. C40 and C20 refer to conventional
single-channel stimulation of 40 and 20 Hz, respectively. In this example, A16, C40,
C20, and A8 evoked mean torques of 32.4, 27.8, 16.1, and 14.1 N-m, respectively.
measurements from a single individual are shown in Figure 3-1 to better illustrate the
difference between smooth contractions and those which exhibit a ripple. The root mean
square (RMS) ripple was computed for each volitional and NMES-induced contraction,
expressed as a percentage of the mean torque.

Stimulation pulses were delivered by a current-controlled 8-channel stimulator
(RehaStim, Hasomed GmbH, Germany), which was controlled by a personal computer.
Conventional stimulation consisted of a single stimulation channel with a pair of surface
electrodes placed over the quadriceps femoris muscle, while asynchronous stimulation
consisted of four channels of stimulation. For asynchronous stimulation, the stimulation
pulses were interleaved across the stimulation channels. In other words, asynchronous

stimulation of 10 Hz with 4 channels results in a composite stimulation frequency of 40

Hz. The electrode configuration utilized during asynchronous stimulation is depicted in
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Figure 3-2, and the method of interleaving the pulses across the stimulation channels is

the same as previously depicted for asynchronous stimulation in Figure 1-1.

Figure 3-2. Asynchronous electrode configuration.

Electrode configuration for asynchronous stimulation with 2 electrodes placed proximally
and 4 electrodes placed distally. The stimulation channels corresponding to the 2 most
medial and distal electrodes share the most medial and proximal electrode, while the
stimulation channels corresponding to the 2 most lateral and distal electrodes share the
most lateral and proximal electrode. A force transducer was fixed to the leg extension
machine to acquire the isometric torque. Photo courtesy of Ryan Downey.

At the beginning of each experiment, each individual was asked to perform a
maximal voluntary contraction (MVC) while the isometric torque was recorded. The
individual was then asked to perform contractions at 50% and subsequently 25% of his
or her MVC. To aid the individual’s ability to reach the desired torque, visual feedback
of the torque was provided via a display. The individual then received asynchronous
16 Hz stimulation, while the current amplitude was slowly incremented. This served
as a warm-up session while also providing a guideline to select the desired current

amplitude. For each individual, the desired current amplitude was selected as either the
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current amplitude which evoked a contraction of at least 20% of the MVC or the current
amplitude beyond which increases in current amplitude caused discomfort, whichever
occurred first. Due to subject discomfort, 20% of the MVC was not always obtained
during the warm-up session with asynchronous 16 Hz stimulation. The mean current
amplitude selected for each individual was 39.7 + 10.1 mA.

The ripple present during asynchronous and conventional stimulation was then
examined by delivering biphasic pulses with a pulsewidth of 350 us and the desired
current amplitude previously determined in the warm up session. While it is possible
to adjust the current amplitude for each protocol in an effort to match the mean torque
output, doing so may induce fatigue. Therefore, to provide a fair comparison of protocols
while minimizing the effect of fatigue, the ripple was quantified as a percentage of mean
torque. For subject comfort, the current amplitude was increased as a ramp from 0
mA to the desired amplitude over the course of 2 seconds. The current amplitude then
remained constant for 10 seconds before decreasing back to 0 mA over the course of
2 seconds. The duration of constant stimulation was chosen as 10 seconds in an effort
to reduce potential fatigue; however, the duration was sufficiently long so that the ripple
could be measured. To further reduce any effect of fatigue, the order of stimulation
protocols was randomized for each individual, and the individuals were allowed to
rest for a minimum of 2 minutes between each trial. A simple linear regression was
performed with the protocol order as the independent variable and the mean torque
output as the dependent variable in an effort to examine whether or not fatigue occurred
throughout the trials. Since conventional and asynchronous stimulation utilize different
electrode configurations and the protocol order was randomized, the electrode positions
were marked so that the positioning could be replicated when donning and doffing the

electrodes.
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3.2 Results

Isometric knee-joint torque was recorded during five asynchronous stimulation pro-
tocols with stimulation frequencies of 8, 10, 12, 14, and 16 Hz (subsequently described
as A8, A10, A12, A14, and A16) as well as during two conventional stimulation protocols
with stimulation frequencies of 20 and 40 Hz (subsequently described as C20 and C40).
Isometric torque was also acquired during volitional contractions at 100%, 50%, and
25% of each individual’'s MVC (subsequently described as V100, V50, and V25). The
RMS values of the ripple measured during volitional and NMES-induced contractions
are presented in Table 3-1 and the corresponding box plot is provided in Figure 3-3.
Higher stimulation frequencies resulted in less ripple during asynchronous stimulation
than low stimulation frequencies. The two asynchronous stimulation protocols with
the highest stimulation frequencies (A16 and A14) were found to induce contractions
with mean RMS ripple values of 1.06% and 2.68%, respectively. Meanwhile, the three
asynchronous protocols with the lowest stimulation frequencies (A12, A10, and A8) were
found to induce contractions with mean RMS ripple values of 6.77%, 6.04%, and 8.64%,
respectively.

The mean torque evoked during each stimulation protocol is presented in Table
3-2. Asynchronous stimulation was found to produce stronger contractions on average,
with mean torques of 33.9, 32.1, 27.0, 23.7, and 14.2 N-m for A16, A14, A12, A10,
and A8, respectively. Meanwhile, conventional stimulation produced generally weaker
contractions, with mean torques of 16.8 and 13.4 N-m for C40 and C20, respectively.
To examine if fatigue due to protocol order affected the data, a simple linear regression
was performed with the protocol order as the independent variable and the mean
torque output as the dependent variable. While the linear regression resulted in a linear
curve fit with a downward slope, regression analysis resulted in a P-value of 0.0596.
Thus, there is not enough evidence to conclude that there is a relationship between

the protocol order and the mean torque at a significance level of « = 0.05. While the
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Table 3-1. RMS ripple expressed as a percentage of mean torque.

RMS Ripple (%DC)
Subject A16 A14 A12 A10 A8 C40 C20 V100 V50 V25
243 3.68 449 389 961 033 455 0.82 267 1.15
030 095 285 695 829 064 1.06 094 128 0.54
046 1.72 395 3.04 401 044 173 112 128 0.54
1.09 562 1436 7.44 486 030 3.04 1.79 156 0.75
165 418 643 7.05 842 0.21 197 153 0.39 0.27
0.56 1.51 1277 688 930 045 1.12 0.78 0.63 0.55
099 5.09 479 721 18.07 0.57 4.33 0.50 0.73 0.41
215 498 954 13.03 13.08 1.42 511 122 057 0.44
1.29 145 251 145 482 041 402 098 0.57 0.66
094 059 689 400 828 032 191 111 0.63 040
046 194 580 784 890 130 147 1.44 1.46 0.62
043 045 6.84 369 6.01 058 181 1.17 1.65 0.50
Mean 1.06 2.68 6.77 6.04 8.64 0.58 268 1.12 1.12 0.60
SD 070 190 3.73 3.05 390 0.39 146 0.35 0.66 0.24

rXCC—IOmMmmMmoO >

A16, A14, A12, A10, and A8 refer to asynchronous 16, 14, 12, 10, and 8 Hz stimulation,
respectively. C40 and C20 refer to conventional 40 and 20 Hz stimulation, respectively.
V100, V50, and V25 refer to volitional contractions at 100%, 50%, and 25% of the maxi-
mal voluntary contraction, respectively.
possibility that some fatigue occurred with the order of contractions cannot be excluded,
the coefficient of determination was found to be 0.0426, further indicating that the
protocol order explained less than 5% of the variation in torque. The linear fit to the
evoked torque as a function of the protocol order is shown in Figure 3-4.
3.3 Discussion

The results indicate that both asynchronous 16 Hz stimulation and conventional 40
Hz stimulation can induce contractions which are as ripple-free as volitional contractions
in healthy individuals (Figure 3-3 and Table 3-1). However, on average, asynchronous
16 Hz stimulation induced contractions that were more than twice as strong as conven-
tional 40 Hz stimulation, given the same current amplitude (Table 3-2). Asynchronous
16 Hz stimulation with four channels has been previously shown to induce less fatigue

than conventional 40 Hz stimulation [64]. Thus, when smooth, strong, fatigue resistant
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Figure 3-3. RMS ripple box plot.
Box plot of the RMS value of the ripple expressed as a percentage of the mean torque
produced. The central marks in the boxes represent the median, the edges of the boxes
represent the 25th and 75th percentiles, and the whiskers extend to the most extreme
data points not considered to be outliers, as the outliers are plotted separately as plus
signs.
contractions are desired, asynchronous 16 Hz stimulation is preferred over conventional
40 Hz stimulation.

Asynchronous 14 Hz stimulation induced contractions with similar ripple to that
of conventional 20 Hz stimulation; however, neither protocol was as ripple-free as
volitional contractions (see Figure 3-3 and Table 3-1). On average, asynchronous 14 Hz
stimulation induced contractions that were more than twice as strong as conventional 20

Hz stimulation, given the same current amplitude (see Table 3-2). While it is expected

that asynchronous 14 Hz stimulation would induce less fatigue than conventional 20

44



Table 3-2. Mean torque (N-m) produced by each stimulation protocol.
Mean Evoked Torque (N-m)

Subject A16 A14 A12 A10 A8 (C40 C20

A 242 238 213 208 104 221 152
332 326 319 181 99 6.3 6.1
19.2 211 16.7 17.7 134 189 19.0
278 314 184 245 189 247 11.7
324 314 276 235 141 278 16.1
20.2 183 147 113 6.5 11.3 8.4
283 17.6 18.7 101 75 7.0 45
258 251 163 123 69 6.6 5.7
38.6 395 352 37.7 16.4 19.1 229
48.6 43.7 424 38.0 225 36.2 20.6
486 36.6 345 26.7 226 49 17.4
60.5 63.8 46.0 433 21.8 16.5 12.8
Mean 339 321 27.0 23.7 142 168 134
SD 128 13.0 108 11.0 6.1 9.9 6.2

rXCC"TIOTMMmMOO®

A16, A14, A12, A10, and A8 refer to asynchronous 16, 14, 12, 10, and 8 Hz stimulation,
respectively. C40 and C20 refer to conventional 40 and 20 Hz stimulation, respectively.
Hz stimulation, previous studies have not compared the NMES-induced fatigue of the

2 protocols. Thus, it is not presently clear if asynchronous 14 Hz stimulation provides a
significant fatigue benefit over conventional 20 Hz stimulation, in addition to producing
stronger contractions.

Asynchronous 10 Hz stimulation was found to induce 40% stronger contractions
than conventional 40 Hz stimulation on average, given the same current amplitude (see
Table 3-2). This result is in agreement with previous findings, where asynchronous
10 Hz stimulation required 20% less current to reach the same desired torque [63].
Asynchronous 10 Hz stimulation has been shown previously to induce less fatigue
than conventional 40 Hz stimulation [51, 63], and thus, asynchronous 10 Hz stimulation
would be the preferred FES protocol if it exhibited similar ripple to conventional 40 Hz
stimulation. In theory, asynchronous 10 Hz stimulation with four channels is capable of
eliciting contractions which are as smooth as conventional 40 Hz stimulation; however,

the results indicate that asynchronous 10 Hz stimulation may exhibit significantly more
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Figure 3-4. Torque versus protocol order scatter plot.
Scatter plot of the mean torque produced as a function of the protocol order with the
corresponding linear fit. While the linear regression resulted in a linear curve fit with a
downward slope, regression analysis resulted in a P-value of 0.0596. Thus, there is not
enough evidence to conclude that there is a relationship between the protocol order and
the mean torque at a significance level of « = 0.05. Further, the coefficient of determina-
tion was found to be 0.0426, indicating that the protocol order explained less than 5% of
the variation in torque.
ripple than conventional 40 Hz stimulation (Figure 3-3 and Table 3-1). Further, the three
asynchronous stimulation protocols with the lowest stimulation frequencies (8, 10, and
12 Hz) were found to produce significant ripple compared to volitional contractions
(Figure 3-3 and Table 3-1). While these three protocols are expected to reduce NMES-
induced fatigue, the results suggest that 8, 10, and 12 Hz asynchronous stimulation with
4 channels may not be suitable for FES applications that require contractions which are
as smooth as volitional contractions in healthy individuals.

It should be noted that different electrode configurations (i.e., electrode size, shape,
placement, and the number of stimulation channels) could alter the amount of ripple
during asynchronous stimulation. However, the electrode configuration of this study

was selected in an effort to prevent activation overlap which could otherwise limit the
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effectiveness of asynchronous stimulation as a method to reduce fatigue. Low stim-
ulation frequencies have been shown to reduce fatigue, but this study indicates that

low frequency asynchronous stimulation can lead to increased ripple. Thus, future re-
search should investigate methods to reduce ripple so that low frequency asynchronous
stimulation may produce strong, smooth, and fatigue-resistant contractions.

The extent that force ripple impacts FES control and the smoothness of FES-
induced movement remains an unanswered question. The force ripple was investigated
during volitional contractions of healthy individuals under the assumption that stimulation
protocols resulting in a similar amount of force ripple are sufficient to produce move-
ments similar to that of healthy individuals. However, since the relationship between
isometric force ripple and the smoothness of FES-induced movement is not presently
known, future studies should investigate this relationship as a means to determine
the lowest suitable stimulation frequency to elicit movements similar to that of healthy
individuals. Future efforts should also examine the relationship between stimulation
frequency and NMES-induced fatigue during asynchronous stimulation. Low stimulation
frequencies have been shown to reduce NMES-induced fatigue; however, there may be
a lower bound on the stimulation frequency beyond which there is no discernible change
in NMES-induced fatigue. Thus, the choice of an optimal asynchronous stimulation
frequency that elicits fatigue-resistant movements similar to the volitional movements of
healthy individuals is a topic of interest for future studies on NMES-induced fatigue and

the effect of force ripple on the FES-induced movement.
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CHAPTER 4
RISE-BASED TRACKING CONTROL OF A HUMAN LIMB DURING ASYNCHRONOUS
NEUROMUSCULAR ELECTRICAL STIMULATION

Both asynchronous stimulation and sequential stimulation can reduce NMES-
induced fatigue; however, one limitation of to these methods is that switching between
stimulation channels introduces discontinuities due to a differing response to stimulation
by each group of recruited motor units. Thus, there is a need to design a controller
which considers the switching dynamics and muscle response to stimulation during
both asynchronous and sequential stimulation. A continuous closed-loop feedback
controller is developed in this chapter to yield semi-global asymptotic tracking of a
desired trajectory for a person’s knee-shank complex during either asynchronous or
sequential stimulation. The result is promising for the implementation of asynchronous
and sequential stimulation for closed-loop rehabilitative treatments and in assistive
devices as methods to reduce fatigue while tracking a desired trajectory.

4.1 Limb Model

The knee-joint dynamics are modeled as in [68] as
My + M.+ Mg+ M, + 14 =T, (4-1)

where M; : R — R denotes the inertial effects of the shank-foot complex about the knee-
joint; M. : R — R denotes the elastic effects due to joint stiffness; M, : R — R denotes
the gravitational effects on the limb; M, : R — R denotes the viscous effects due to
damping in the musculotendon complex; 7, € R denotes an unknown time-varying
disturbance that is assumed to be sufficiently smooth in the sense that 7,4, 74, 74 € Lo
and 7 € R denotes the torque produced at the knee-joint due to stimulation. The inertial

and gravitational effects in (4—1) are modeled as

M; = J§, My = mglsin(q), (4-2)
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where J, m, g, | € R are positive, unknown constants, and ¢, ¢, § € R denote the angular
position (depicted in Figure 4-1), velocity, and acceleration of the shank about the knee-
joint, respectively. The terms J, m, and [ denote the unknown inertia of the combined
shank and foot, the unknown combined mass of the shank and foot, and the unknown
distance between the knee-joint and the lumped center of mass of the shank and foot,
respectively, while g denotes the gravitational acceleration constant. The elastic and

viscous effects are modeled as in [68] as

M, £ key(exp(—ke2q))(q — kes), (4-3)
where k.1, k.2, kes € R are unknown constants and

M, = —B) tanh(—Bsq) + Bsq, (4-4)

where By, By, B3 € R are unknown, positive constants.

Asynchronous stimulation involves switching between N € N stimulation channels.
Since each channel activates different sets of motor units, the corresponding dynamics
are different depending on which stimulation channel is active. Let S C N be the finite

index set for all stimulation channels, defined as
S£1{1,2,3,---, N}.

Then, the torque produced by stimulation of the i*" subsystem is related to the musculo-
tendon force as

T 2 GFr;, i €S, (4-5)

where ¢; € R denotes an unknown, positive moment arm that changes with extension

and flexion of the leg. The musculotendon force Fr; € R is defined as

Fr; £ Fycos(a;), i €S, (4-6)
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Figure 4-1. Modified leg extension machine for feedback control.

A modified leg extension machine was fitted with optical encoders to measure the knee
joint angle ¢ and provide feedback to the developed control algorithm running on a per-
sonal computer. Participants were seated at the leg extension machine with the thighs
parallel to the ground and hips flexed approximately 75 degrees. The desired stimulation
parameters were sent in real time from a personal computer to the stimulator via USB.
Photo courtesy of Ryan Downey.
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where a; € R denotes the pennation angle between the tendon and the muscle, which
changes with extension and flexion of the leg, and F; € R denotes the force produced
by the recruited motor units in the i** subsystem. The relationship between muscle force

and applied voltage is defined as
F, £ omiVi, i €5, (4-7)

where V; € R represents the voltage applied to the i*" subsystem by electrical stim-
ulation; n; € R is an unknown function of ¢ and ¢ (i.e., n; represents unknown muscle
force-length and force-velocity relationships); and ¢; € R is an unknown time-varying
function that represents fatigue.

Typically, during asynchronous stimulation, only one channel is activated at a
given time. However, if only one stimulation channel is activated at a given time,
immediately switching the applied voltage from one subsystem to another subsystem
would introduce discontinuities in the torque produced at the knee. Therefore, switching
in the subsequent development is designed to include an arbitrarily short period of
time during which both subsystems are simultaneously activated (each receiving
a percentage of the input voltage). During the transition period, the voltage input
transitions from being applied solely to the original subsystem to being applied to the
new subsystem designated by the switching signal. Without loss of generality, the knee-
joint dynamics during stimulation of up to two subsystems at a time can be modeled
as

M+ M.+ M, + M, +714=1 + T, (4-8)

where 7;, 7; € R denote the torque produced by stimulation of the i"* and j* subsys-
tems, respectively, fori,j € S, i # j. The inertial, gravitational, elastic, and viscous
components are common to all subsystems since all subsystems act on the same knee
joint, and the unknown, bounded disturbance torque can also be modeled as being

common to all subsystems.
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Remark 4.1. Equation (4-8) implicitly assumes that there is no activation overlap
between any of the stimulation channels (i.e., a specific muscle fiber generates tension
in response to only one channel), although there is likely to be some overlap. Activation
overlap would cause some motor units to be activated more frequently than desired,
leading to increased muscle fatigue. Therefore, overlap should be avoided in practice
since the motivation for asynchronous stimulation is to reduce fatigue. However,
activation overlap would not have a negative effect from a control perspective. For
example, 100% activation overlap for all of the channels would imply that there is
effectively only one stimulation channel, and thus, the tracking control problem would
simplify to single-channel conventional stimulation.
4.2 Control Development
The control objective is to enable the knee joint to track a specified desired angular

trajectory. To quantify this objective, the position tracking error is defined as
e = qa—q, (4-9)

where ¢, € R denotes the desired angular trajectory for the knee joint, designed such
that ¢4, ¢% € L., where ¢% denotes the k' derivative of ¢, for k = 1, 2, 3, 4. To facilitate

the subsequent development, auxiliary tracking errors e, r € R are defined as

er £ é1 4 aser, (4-10)

r é é2 + Q9€g, (4—1 1)
where a4, ay € R are selectable positive constants. The filtered tracking error r
facilitates the stability analysis but is not used in the control development due to the

dependence on the angular acceleration about the knee, which is assumed to be

unmeasurable.
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After multiplying (4—11) by J, and utilizing (4—2) and (4-8)-(4—10), the open-loop

dynamics during stimulation of up to two subsystems can be written as
Jr=W —1, —7;+14,1,] €S, 1 # 7, (4-12)
where W € R denotes an auxiliary term defined as
W £ J(§g+ aré1 + ageq) + M, + M, + M,

After utilizing (4-5)-(4—7), the open-loop dynamics in (4—12) can be expressed as

JT:W—%Qi—‘/ij+Td, Z',jES,Z'%j, (4—13)

where V; € R denotes the voltage applied by the i** stimulation channel, and Q; € R
denotes an unknown positive auxiliary function of the leg angle and velocity that varies
with time and relates the voltage applied by the i** channel to the torque produced by

the activated motor neurons, defined based on [68] as
Qi £ G cos(ag), i €S. (4-14)

Assumption 4.1. The moment arm ¢; is assumed to be a non-zero, positive, and
bounded function [75] where the first two partial derivatives of ¢; with respect to ¢ exist
and are bounded for a bounded argument. Likewise, the function 7, is assumed to be a
non-zero, positive, and bounded function [76] provided the muscle is not fully stretched
or contracting concentrically at its maximum shortening velocity [77], where the first
two partial derivatives of n; with respect to ¢ and ¢ exist and are bounded for a bounded
argument. The unknown fatigue function ; is assumed to be a non-zero, positive,

and bounded function of time with bounded first and second time derivatives. Thus,
from (4—14), the first two partial derivatives of €2; with respect to ¢ and ¢ are assumed
to exist and be bounded for a bounded argument; the first two partial derivatives of

Q; with respect to time (via the time derivatives of ;) are assumed to exist and be
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bounded; and 2; is assumed to be a non-zero, positive, and bounded function such that
Q; >¢e >0, Vi € S, where ¢ € R is a known positive constant.

Leto : [0,00) — S denote a piecewise constant signal that selects a stimulation
channel from S to be activated at time ¢ € [0, o). The instants when the value of ¢
changes are called the switching times, ¢,. Immediately following each switching time,
there is a transition period At during which the input voltage is transitioned from one
channel to another.

Property 1. The designed switching signal ¢ has a finite number of discontinuities on
any bounded time interval. Any two consecutive switching times, ¢, and ¢, satisfy
tr+ At <ty Yk € NU{0}, and the switching signal o remains constant for ¢ € [ty, txi1).

Let V € R denote the voltage input to the system such that V' £ V; + V;, where

where x € R is an auxiliary signal designed such that 0 < y < 1 so that the transition
period from one stimulation channel to another is continuous. Figure 4-2 illustrates
a particular choice of x that facilitates the transition between channels based on the

switching signal o, where y is selected as

(

1 t € [to, 1)
14-cos(w(t—t)) te U [tk t, + At)
2 k€Noda
X=20 te U [te+ At i) (4-16)
k€Noaa
17cos(u2)(t7tk)) te U [tk;tk + At)
c€Neven
1 te U [tp+ At tger)
\ ]CE even

where N.,., and N,qq are used to denote the even and odd natural numbers, respec-

tively. Based on the design in (4—16), x and its first time derivative are bounded and

54



Ch 4F T T —/——0 T ]
~ Ch3r o0 -
© cholk e——o o———0

Ch 1 fr——C) | L1 L1 T -

0=O t1 T1+A 1 t2 ’[2+A 1 t3 t3+A 1 t4 t4+A 1 t5 J[5+A t
1 T 7
€05
Or |
t0=0 t1 t1+A 1 t2 t2+A 1
100 '
< s '\\
o
g 50 ‘
2 / \
0 e mi) | m—
t0=0 t1 t1+At t2 t2+A’[

Figure 4-2. Example switching signal.

Depicted is an example piecewise constant switching signal o that selects a desired

stimulation channel to be active. Combining the switching signal with the correspond-

ing signal x results in a smooth transition of the control voltage between stimulation

channels as seen in the bottommost subplot.

continuous, and the second time derivative of y is bounded. The transition period in

(4—16) is defined as At = T and can be made arbitrarily short through the choice of w.
After substituting (4—15) into (4—13), the open-loop error dynamics can be ex-

pressed as

Jr=W —QV + 1, (4-17)

where

Q2 XU+ (1—x), i,j €S, i#]. (4-18)
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From (4—16), (4—18), and Assumption 4.1, Q2 is non-zero, positive, and bounded; the first
two partial derivatives of Q) with respect to ¢ and ¢ are bounded for a bounded argument;
and the first two partial derivatives of Q with respect to time (via the time derivatives of
©; and x) are bounded. Furthermore, Q > ¢ > 0, and thus, Q is invertible.

After multiplying (4—17) by Q~', the open-loop error dynamics can be expressed as
Jor =Wq =V + 740, (4-19)

where

JQ é Q_IJ, WQ é Q_IVV, TdO é Q_le.

To facilitate the subsequent stability analysis, the time derivative of (4—19) is expressed
as

1. ~ .
Jor = —§JQ’F + N+ Ng—ey—V, (4—20)

where N, N, € R denote the following auxiliary’ terms

N2N-—N,,
A o 1. )
N:WQ+€2_§JQT+TdQ7
1 Qy

Nd = Q_del - WNCI%

Ndl £ chl + Me(Qd) + Mg(Qd) + Mv(Qd) + j-d’
Ngo £ Jig + M.(qa) + My(qa) + My(Ga) + 7a.

Qd £ Q(Qd? Qda t)

! The terms N and N, are not available for use in the controller and are introduced
only to facilitate the stability analysis. These terms are not used in the controller be-
cause they depend on the dynamics that contain parametric uncertainty (e.g., J, m, [,
By, k.1, n, T4, and 7,4 are uncertain). Moreover, N contains r, which depends on angular
acceleration measurements. Motivation to exclude r from the controller is that acceler-
ation measurements contain high frequency measurement/numerical artifacts that can
inject high frequency content in the controller.
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Motivation for expressing the open-loop error system as in (4-20) is to separate
the model into groups that are bounded by state-dependent bounds or by constants.
Specifically, by applying the Mean Value Theorem [78, Lemma 5], N can be upper-

bounded by state-dependent terms as

NE(ENED (4-21)
where ||| denotes the standard 2-norm, > € R? is defined as

22 ey, e, 7]", (4-22)

and p : R — R is a positive, strictly increasing function. The definition of the desired

trajectory can be used to prove the upper bounds for N, as
INal < s | M| < G (4-23)

where (y,, (x, € R are known, positive constants.
Remark 4.2. The bounds on N, and N, depend on the signal x since y and ¥ appear
through O and Q. A sufficient condition for stability of the closed-loop error system
will later be shown to depend on the bounds of N; and N,. Therefore, a sufficient
condition for stability of the closed-loop error system depends on the transition period
At. However, the transition period can be made arbitrarily small by selecting control
gains based on the desired length of the transition period.

Based on the open-loop error system in (4—20) and the subsequent stability
analysis, a RISE-based (Robust Integral of the Sign of the Error) controller [79] is
designed as

V& (ks +1) (e3 — e2(0)) + v, (4-24)

where v is the generalized Filippov solution to
v = (ks + 1)ages + Bsgn(es), v(0) = w, (4-25)

57



where k,, 5 € R are positive, selectable control gains, v is a user-defined initial voltage,
and sgn(-) denotes the signum function.
Remark 4.3. In the subsequent experiments, the pulsewidth will be adjusted according
to the control law in (4—24) and (4—-25) rather than the voltage. During NMES, there are
three stimulation parameters that affect the resulting torque: pulse amplitude (voltage
amplitude or equivalently current amplitude), pulsewidth, and pulse frequency. Typically
two of these three parameters are fixed while the final parameter is varied to evoke
the desired muscle response. The uncertain model in (4—19) relating the stimulus
input V to the evoked torque is equivalent regardless of which parameter is varied.
Therefore, the stimulus input was referred to as a voltage in the control development and
modeling sections to be consistent with the RISE-based controller that was developed
for conventional stimulation in [68]. Meanwhile, the pulsewidth was varied during
experiments in the present work since the utilized stimulator has a greater resolution on
pulsewidth (20-500 ps in steps of 1 us) than current amplitude (0 to 126 mA in steps of 2
mA).

After substituting (4—24) into (4—20) and using the definition of » in (4—11), the

closed-loop dynamics can be written as

1. ~
JQT":—§JQT+N+Nd—€2

— (ks + 1)r — Bsgn(es). (4—26)

The closed-loop system in (4—26) yields semi-global asymptotic tracking of a desired
knee-joint trajectory as described in Theorem 4.1 and its associated stability proof in

Section 4.3.
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4.3 Stability Analysis
Theorem 4.1. The controller designed in (4—24) yields semi-global asymptotic tracking

in the sense that
lel] =0 ast— oo

under any switching signal satisfying Property 1, provided that the control gain k.,
introduced in (4—-24) and (4-25), is selected sufficiently large according to the initial
conditions, and the control gains a1, as, and 8 introduced in (4-10), (4—11), and (4-25)

are selected according to the following sufficient conditions:
1
oy > 5, g > 1, (4—27)
1
5> (Gu+ 26, (4-28)
Qo
where (n,, and ¢ x, were introduced in (4-23).

Proof. Lety € D c R*"!, defined as
A T
y2 " VP| (4-29)
where z was defined in (4—22) and P € R is the Filippov solution to

P=—r [Ng — [Bsgn(e2)], (4-30)
P(e2(0), 0) = —e2(0)Na(0) + [e2(0)] 8.
Provided the gain condition for g in (4—28) is satisfied, P is guaranteed to satisfy

P >0[79, Lemma1].

Let Vi, : D — R be a continuously differentiable function, defined as

1 1
Vi & e+ 56% + §JQ7"2 + P, (4-31)
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which satisfies the following inequalities:
U <V < Uy, (4-32)

where Uy, U, € R are continuous, positive definite functions defined as U; £ X, ||y|°,
Us 2 )\ |lyl|?, where y was defined in (4—29) and \;, )\, € R are positive constants.

The time derivative of (4—31) exists almost everywhere (a.e.)?, i.e., for almost all
t € 0,00), and V;, €V, where

13 1 . T
V2 n K {el, éq, T, 5P—%P, 1} : (4-33)

ceovy,

where K [] is defined in [80], and 0V, is the generalized gradient of V7. Since V, is

continuously differentiable with respect to y, (4—33) can be rewritten as

. 1 .. 1"
V., C VVIK [él, by, i, GPEP, 1} , (4-34)
where
1. "
vV, & lQel, es, 1Jo, 2P2, §Jgr2} .

Substituting (4-9)-(4—-11) and (4—26) into (4—34) yields
Vi C 261(es — ner) + ealr — azes) + gror
+r (—%jm + Ny — 62) +K [P}
+r (N — (ks + 1)r — BK [sgn] (62)> , (4-35)

where K [sgn] (e5) = 1ifey > 0, [—1, 1] if e = 0, and —1 if e5 < 0. After substituting P

from (4—-30) and canceling common terms, (4—35) can be rewritten and upper-bounded

2The time derivative of the Lyapunov function has a discontinuous right-hand side
(due to V and P), causing the time derivative of the Lyapunov function to exist almost
everywhere and motivating the nonsmooth analysis.
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as

. a.e. 2 2
Vi < —2ae] — asge; + 2 e ] |esg]

+rN — (ks + 1)1, (4-36)

where the set in (4—35) reduces to the scalar inequality in (4—36) since the right hand
side is continuous almost everywhere, i.e., the right hand side is continuous except for

the Lebesgue negligible set of times when

rBK [sgn] (e2) — rfBK [sgn] (e2) # {0}

After utilizing Young’s Inequality and (4—21), the inequality in (4—36) can be further

upper-bounded as

Vi, < —(20q — 1)e? — (ap — 1)é

= (ks + 1)1 + p(ll2ID |2 || - (4-37)

After completing the square, (4—37) can be expressed as

2

e P (HZH) 2
< — _

Vi ()\ Ak, HZH

< U2 —cllz|*, vy e D, (4-38)
where A\ 2 min {2a; — 1, ay — 1, 1}, c € R is a positive constant, and D is defined as

D2 {y e R | p(lyl) < VMK, }

where p was introduced in (4—21). From the inequalities in (4—32) and (4-38), V, € L,
and hence, e, ey, r € L. The remaining signals in the closed-loop dynamics can be

proven to be bounded. Let D, C D be defined as

D, = {y eD|p <\/i:iHyH) < 4)\/’{;3} : (4-39)
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From (4-38), [81, Corollary 1] can be invoked to show that ¢||z|> — 0 as

t — oo, Yy (0) € D,. Based on the definition of z, e; — 0 as t — oo, Vy(0) € D.,.
Note that the region of attraction in (4-39) can be expanded arbitrarily by increasing

k.. Provided that the gain conditions in (4—27) and (4—28) are satisfied, the result of the
stability analysis is independent of the designed switching signals ¢ satisfying Property
1, so that the asymptotic tracking result is satisfied where the only restriction on the
switching signal is that there be an arbitrarily short transition period during which two

stimulation channels are simultaneously activated. O

4.4 Experiments
Asynchronous and conventional stimulation were examined during dynamic
contractions to better understand the NMES-induced fatigue characteristics of the
stimulation protocols. For both asynchronous and conventional stimulation, the control
algorithm in (4—24) and (4—25) was used to vary the pulsewidth in real time while the
current amplitude and stimulation frequency remained constant.
441 Subjects
Four able-bodied individuals (male, aged 20 to 27) participated in the study. Prior to
participation, written informed consent was obtained from all participants, as approved
by the institutional review board at the University of Florida.
4.4.2 Apparatus
All testing was performed using an apparatus that consisted of the following:
1. A current-controlled 8-channel stimulator (RehaStim, Hasomed GmbH, operating
in ScienceMode)
2. A data acquisition device (Quanser Q8-USB)
3. A personal computer running Matlab/Simulink
4. A leg extension machine (shown previously in Figure 4-1) that was modified to
include sensors as well as boots to securely fasten the shank and foot

5. Optical encoders to measure the leg angle (BEI Technologies)
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6. Surface electrodes (Axelgaard Manufacturing Co.)?

4.4.3 Stimulation Protocols

Two stimulation protocols were examined: 16 Hz asynchronous stimulation (A16)
with four channels and 64 Hz conventional stimulation (C64) with a single channel.
These two protocols were selected because A16 has a composite stimulation frequency
equivalent to C64. Conventional stimulation consisted of a single stimulation channel
with a pair of 3” by 5” Valutrode® surface electrodes placed distally and proximally over
the quadriceps femoris muscle group, while asynchronous stimulation consisted of four
channels of stimulation utilizing four electrodes placed distally (1.5” by 3.5” Valutrode®)
and two electrodes placed proximally (2” by 3.5” Valutrode®). For asynchronous
stimulation, the electrical pulses were interleaved across the stimulation channels.
In other words, asynchronous stimulation of 16 Hz with four channels resulted in a
composite stimulation frequency of 64 Hz. The electrode configurations utilized for
conventional and asynchronous stimulation are depicted in Figure 4-3, and the method
of interleaving the pulses across the stimulation channels was as previously depicted for
asynchronous stimulation in Figure 1-1.
4.4.4 Precautions

To prevent any layover effect of fatigue, each leg received only one stimulation
protocol per day. On the first day of experiments, the two stimulation protocols (A16
and C64) were randomly divided between the individual’s left and right legs. While a
minimum of 24 hours of rest was required before the individual completed the remaining
protocol for each leg, additional rest was allowed if the individual reported symptoms of

muscle fatigue.

3 Surface electrodes for the study were provided compliments of Axelgaard Manufac-
turing Co., Ltd.
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Figure 4-3. Asynchronous and conventional electrode configurations.

Electrode configurations utilized for conventional and asynchronous stimulation. Pic-
tured above is single-channel conventional stimulation on the individual’s left leg and
four-channel asynchronous stimulation on the individual’s right leg. Conventional stimu-
lation consists of one stimulation channel with one electrode placed proximally and one
electrode placed distally. Asynchronous stimulation consists of four stimulation channels
with two electrodes placed proximally and four electrodes placed distally. Stimulation
channels 1 and 3 share the most medial and proximal electrode, while stimulation chan-
nels 2 and 4 share the most lateral and proximal electrode. Photo courtesy of Ryan
Downey.
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4.4.5 Pretrial Tests

The control gains* were adjusted in pretrial tests to achieve trajectory tracking
where the desired angular trajectory® of the knee joint was selected as a sinusoid
ranging from 5 to 50 degrees with a period of 2 seconds. The root mean square (RMS)
position tracking error was calculated in real time with a moving window of 2 seconds
to assist the gain tuning process. After determining appropriate control gains in the
pretrial tests, fatigue trials were subsequently conducted on the same day. Since there
is a finite pulsewidth resolution for the stimulator (steps of 1 us), the current amplitude
must be selected small enough so that there is a sufficient range of pulsewidth values
corresponding to the desired range of motion. However, the current amplitude must
also be selected large enough so that the pulsewidth does not saturate. Furthermore,
the muscle response to stimulation varies from person to person and asynchronous
stimulation has been commonly reported to require less current amplitude to reach
the same value of torque as conventional stimulation [63, 64, 74]. Therefore, the
current amplitude was selected for each leg/protocol during the pretrial tests so that the
resulting pulsewidth (calculated by the control algorithm) had sufficient range to elicit
controlled limb movement without saturating.
4.4.6 Fatigue Trials

Fatigue trials were conducted where the pulsewidth was adjusted according to the
developed feedback control algorithm in (4—24) and (4—25) to compare each stimulation

protocol in terms of its ability to maintain trajectory tracking. The baseline RMS tracking

4 To ensure a fair comparison, efforts were made to utilize the same control gains for
asynchronous and conventional stimulation. While this is not always possible due to
general variability in the muscle response to stimulation, the control gains (other than
the general scaling factor k,) were the same for both asynchronous and conventional
stimulation in 5 out of the 8 legs tested.

> The desired trajectory was based on the comfortable range of motion.
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error was calculated when the tracking error had reached steady state.® The successful
run time (SRT) of each fatigue trial was then calculated as the elapsed time from the
onset of steady state tracking to the time that the RMS tracking error increased by 3
degrees above the baseline measurement.
4.4.7 Statistical Analysis

The difference between the SRTs for asynchronous and conventional stimulation
was calculated (i.e., paired data). A sign test was performed at a significance level
of a = 0.05 to test for statistically significant differences between the two protocols.
Similarly, a sign test was used to test for statistically significant differences between the
baseline RMS errors. In addition to the sign test, a 95% confidence interval was con-
structed for the median difference between the SRTs of asynchronous and conventional
stimulation to better quantify the relative performance of the two protocols.

4.5 Results

The SRTs for each fatigue trial are listed in Table 4-1, and the corresponding base-
line RMS errors are listed in Table 4-2. Asynchronous stimulation yielded a significantly
longer SRT than conventional stimulation (p-value = 0.0078). Meanwhile, the baseline
RMS errors were not significantly different (p-value = 0.7266). The 95% confidence
interval for the median difference between the SRTs of asynchronous and conventional
stimulation was found to be (30.8, 67.3) seconds. The mean current amplitude was 65
and 85 mA for the asynchronous and conventional stimulation fatigue trials, respectively.
Example fatigue trials comparing asynchronous and conventional stimulation are shown

in Figure 4-4.

® The onset of steady state tracking is defined as the point at which the RMS error
begins to flatten (no longer decreasing from the large initial error). Steady state tracking
occurred approximately 10 seconds after starting the trial, on average.
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Table 4-1. Successful run time (in seconds).
Subject-Leg C64 A16 Difference

A - Left 53.4 851 31.7
A - Right 373 76.3 38.9
B - Left 26.2 454 19.2
B - Right 21.3 647 43.3
C - Left 271 93.6 66.4
C - Right 209 66.6 45.7
D - Left 33.7 948 61.1

D - Right 340 1134 79.4
25th Percentile 22.6 65.1 335

Median 304 807 44 .5*

75th Percentile 365 945 65.1

x SRT of asynchronous stimulation is significantly longer than that of conventional stimu-
lation

For the left leg of Subject B, the electrodes for both asynchronous and conventional
stimulation were moved farther towards the medial side of the leg. The electrode
positions were different in this particular instance because the muscle consistently
exhibited an “all-or-nothing” response to stimulation whenever an electrode was placed
superficial to the vastus lateralis. The necessary shifting of electrodes for the left leg
of Subject B may explain why this trial exhibited the shortest SRT of all asynchronous
stimulation trials (Table 4-1) since crowding the electrodes to the medial side may have
caused overlap in the muscle activation. In other words, some muscle fibers may have
been activated by more than one electrode in this particular trial thereby reducing the
fatigue benefits of asynchronous stimulation.

4.6 Discussion

Asynchronous stimulation has been previously shown to have significant advan-

tages over conventional stimulation [51, 52, 55, 56, 58—67] in terms of reduced fatigue.

However, studies comparing asynchronous to conventional stimulation have primarily
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Figure 4-4. Example tracking performance for RISE control.

Example tracking performance for conventional stimulation (left column) and asyn-
chronous stimulation (right column) taken from the right leg of Subject D. Plot A depicts
the desired (solid line) and actual (dashed line) leg angle. Plot B depicts the position
tracking error. Plot C depicts the RMS tracking error calculated over a moving 2 second
window. The dashed lines in Plot C indicate the baseline error and the threshold that
determines when to terminate stimulation (3 degrees of RMS error above the baseline
measurement). Vertical solid lines correspond to the time that steady state tracking be-
gan and the time that the RMS error increased by 3 degrees. Note that the end time is
not shown for asynchronous stimulation so that the two protocols can be visually com-
pared over the same time scale. Plot D depicts the pulsewidth (i.e., the control input)
that was calculated according to the developed control algorithm and delivered to the
quadriceps femoris muscle group.
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Table 4-2. Baseline RMS error (degrees).
Subject-Leg C64 A16 Difference

A - Left 5.16 5.03 -0.13
A - Right 4.88 4.69 -0.19
B - Left 5.64 4.52 -1.12
B - Right 437 519 0.82
C - Left 478 4.71 -0.07
C - Right 5.69 5.91 0.22
D - Left 4.82 4.88 0.07
D - Right 534 5.34 -0.00
25th Percentile 4.79 4.69 -0.18
Median 502 496 -0.04

75th Percentile 557 5.30 0.18

focused on isometric contractions with fixed stimulation parameters [55, 56, 58—65, 67],
due to the fact that it is easier to control for variation in the data. Sequential stimulation
has also been shown to be advantageous over conventional stimulation as a method to
reduce fatigue in isometric contractions [47,50]. However, one study [50] found that a
shorter on-time (i.e. the time to keep one stimulation channel activated before switch-
ing to the next channel) resulted in less fatigue, motivating the use of asynchronous
stimulation over sequential stimulation. Furthermore, depending on the application,
sequential stimulation may not be viable. For example, due to the segregation of motor
units and the fact that sequential stimulation switches between stimulation channels less
frequently, the torque required to accomplish a task may be greater than the torque that
a single stimulation channel can maintain. Meanwhile, for asynchronous stimulation,
even if one stimulation channel elicits a particularly weak response, the more frequent
switching provides an averaging effect such that a larger torque can be maintained.

In the present study, the developed control method is theoretically applicable to both

sequential stimulation and asynchronous stimulation. However, in preliminary tests,
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asynchronous stimulation was reported to be more comfortable than sequential stimu-
lation. Therefore, the experimental work of the present study focused on asynchronous
stimulation.

While experiments reported in literature have primarily been conducted with
isometric contractions, a few studies have examined contractions yielding limb motion.
Asynchronous stimulation [52] and sequential stimulation [49] were shown to reduce
fatigue during FES cycling. Asynchronous stimulation has also been shown to be
beneficial for isotonic gripping [51]. However, in the three aforementioned studies, the
stimulus was delivered in an open-loop manner. Normann et al. used asynchronous
stimulation to reduce fatigue during standing in cats [82]. While stimulation was also
delivered in an open-loop manner, the authors stated that feedback information would
be required if the method were to be used for a clinical neuroprosthesis. Similarly, Lau
et al. studied standing in cats with both asynchronous and conventional stimulation
[66]. As expected, the authors found that asynchronous resulted in less fatigue than
conventional stimulation. Furthermore, the authors also compared open-loop and
closed-loop control and found that the duration of standing achieved during closed-loop
control was longer than that for open-loop control. However, the closed-loop controller
implemented was a logic-based if-then-else algorithm. More recently, Frankel et al.
implemented an iterative learning controller for isometric force control in cats; however,
no modeling or stability analysis was included and the results were not compared with
conventional stimulation [72].

In the current result, a controller that enables limb trajectory tracking was designed
based on a constructive stability analysis (Section 4.3) that included the nonlinear,
uncertain muscle/limb dynamics, and the controller performance was experimentally
demonstrated in both legs of four able-bodied individuals. The experiments indicate

that asynchronous stimulation can successfully extend the duration of successful limb
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tracking compared to conventional stimulation in man. This result is promising for var-
ious rehabilitative treatments since a longer SRT means a larger dose of rehabilitative
stimulation can be delivered before the onset of fatigue. The result is also promising for
the development of neuroprostheses that may require the use of feedback control since
asynchronous stimulation could slow the rate of fatigue, and thereby extend the duration
that a neuroprosthesis enables functional movements or activities of daily living. Al-
though experiments were conducted only in able-bodied individuals in the present study,
asynchronous stimulation has been previously shown to slow the rate of fatigue (with-
out feedback control) in individuals post-stroke [51] and in individuals with spinal cord
injury [56, 63, 64,67]. Therefore, it is expected that feedback control with asynchronous
stimulation would result in longer durations of successful limb tracking than conventional
stimulation in patient populations, similar to the able-bodied population of the present
study. Nonetheless, experimental validation is still required to know the extent that the
SRT can be prolonged during feedback control for individuals with spinal cord injury and
other neurological disorders. Furthermore, experimental validation is still required to
investigate the clinical significance of longer SRTs (and thus larger rehabilitative doses)
in a patient population.

While the present results are promising, additional opportunities exist for closed-
loop asynchronous stimulation. For example, since the muscle response to stimulation
is different for each stimulation channel, it may be beneficial to develop a controller
where the control gains can be selected independently for each channel. Independent
gains may be particularly important if multiple heads of a large muscle are stimulated
since different heads could have different recruitment and fatigue properties. Addi-
tionally, low-frequency asynchronous stimulation can lead to force ripple [74]. While
the 16 Hz asynchronous stimulation protocol utilized in the present study resulted in
smooth traces (Figure 5-2) and has been previously shown to induce equivalent ripple

to volitional contractions [74], future efforts could focus on reducing force ripple for
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low-frequency asynchronous stimulation either through independent gains or adaptive
control laws. Adaptive controllers may also prove to be beneficial for asynchronous
stimulation since they typically require less control effort and result in better tracking
performance than robust controllers in practice. Future efforts could also focus on devel-
oping and/or implementing asynchronous stimulation with closed-loop control for other
activities such as standing or cycling.
4.7 Concluding Remarks

A novel feedback controller is developed to yield trajectory tracking for a human
limb during asynchronous or sequential neuromuscular electrical stimulation. The
developed controller overcomes a potential drawback of asynchronous stimulation
whereby switching between stimulation channels may introduce discontinuities. The
controller yields semi-global asymptotic tracking where the only restriction on the
switching signal is that there is an arbitrarily short transition period during which two
subsystems are simultaneously activated. The sole purpose of this switching period is
to ensure that the muscle response to stimulation remains continuous when switching
between subsystems so that the switching signal is not required to be state dependent.
Since the switching signal is not state dependent and the transition period can be made
arbitrarily short, the proposed controller is suitable for both methods of asynchronous
stimulation where the switching signal is either fast (i.e., interleaved pulses) or slow (i.e.,
sequential pulse trains). However, it should be noted that the control gains 5 and a,
should be selected sufficiently large according to the duration of the desired transition

period.
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CHAPTER 5
SWITCHED TRACKING CONTROL OF A HUMAN LIMB DURING ASYNCHRONOUS
NEUROMUSCULAR ELECTRICAL STIMULATION

In the previous chapter, a continuous RISE-based control law was developed
which achieves semi-global asymptotic tracking despite bounded time-varying distur-
bances [73]. However, the control design required there to be a finite window of time
where the control voltage is transitioned from one channel to another. Heuristically, a
transition period is expected to lead to increased muscle fatigue since each stimula-
tion channel will be activated longer than otherwise desired. Furthermore, in practice,
stimulation channels are instantly switched, motivating the design of a control law that
allows for instant switching. Although the transition period in Chapter 4 can be made
arbitrarily small to approximate instant switching, increased control gains are required to
compensate for smaller transition periods. Furthermore, the work in Chapter 4 implicitly
assumes that the motor units recruited by each stimulation channel are independent.
Yet, some degree of activation overlap is expected in practice, and therefore, it is
motivated to remove this assumption in the control design. In the present chapter, a
switched systems analysis is used to examine an alternative control approach to the
sequential stimulation and asynchronous stimulation problem which allows for instanta-
neous switching between stimulation channels without additional requirements on the
control gains. The contribution of this chapter is the development of a closed-loop track-
ing controller and the associated stability analysis that yields semi-global exponential
tracking despite instantaneous switching between stimulation channels. An additional
contribution is that the work is the first to show that response between stimulation
channels is significantly different. Yet, tracking was still achieved and asynchronous
stimulation yielded longer durations of successful tracking that conventional stimulation.

5.1 Limb Model
The knee-joint dynamics are modeled as previously in (4—1)-(4—4). During asyn-

chronous stimulation, there are N € N stimulation channels in the system. Since each
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stimulation channel is expected to activate differing sets of motor units, the resulting
dynamics depend on the active stimulation channel. Let S € N be the finite index set for
all involved subsystems (i.e., the stimulation channels) definedas S = {1, 2, 3,---, N}.
To facilitate the subsequent analysis a positive auxiliary term €2; € R is defined as in
(4—14). The torque produced by stimulation of the i** subsystem is then related to the

voltage applied to the i** subsystem as
7, =QV;, i €S. (5-1)

Assumption 5.1. The moment arm ¢; is assumed to be a continuous, non-zero,
positive, bounded function [75]. The function 7; is assumed to be a continuous, non-
zero, positive, and bounded function [76]. Thus from (4—14), €2, is assumed to be a
continuous, non-zero, positive, and bounded function suchthatQ; > @ > 0, Vi € S
where 2 € R is a known positive constant.

During asynchronous stimulation, the active stimulation channel is switched
according to a predefined sequence (selected by the user) where only one channel is
activated at a given time. To describe this phenomenon, let o : [ty,00) — S denote a
piecewise constant signal which selects a subsystem from S to be activated at time ¢,
where t, € R is the initial time. The voltage delivered to each subsystem, V;, is then
described in terms of the switching signal as

v; o(t)=1,1€S
Vit = () o(t) S | (5-2)

0 otherwise
where v; € R denotes the subsequently designed control voltage for the i*" subsystem.
Property 2. The designed switching signal o has a finite number of switching instances
on any bounded time interval and the switching signal o remains constant for ¢ €
[tx, tki1), kK € N, where t;, denotes the instances of time when the active stimulation

channel is switched.

74



After utilizing (5—1) and (5-2), the knee-joint dynamics in (4—1) can be expressed as
My + M.+ My + M, + 74 = Qo) Vo(s), (5-3)

where the inertial, gravitational, elastic, and viscous components are common to all
subsystems since all subsystems act on the same knee-joint. In (5-3), while each of
the terms vary with time in general, the time dependence of €2, is explicitly written to
highlight that the control effectiveness instantly switches its value due to the switching
signal o, which characterizes the switching nature of asynchronous stimulation.
5.2 Control Development
The goal is to develop a controller that enables the knee-joint to track a desired

angular trajectory. To facilitate the subsequent development, let ¢, € R be defined as

ep = /t (qa(s) — q(s)) ds, (5-4)

to
where ¢; € R is a desired angular trajectory for the knee-joint, which is designed such
that q4, a4, Gu € L. To facilitate the subsequent development, the auxiliary tracking

errors e, eo € R are defined as

e1 = éy + agep, (5-5)

ey = é1 + agen, (5-6)

where oy, a; € R denote selectable positive constants.
Remark 5.1. Part of the motivation for designing e; and e, as in (5-5) and (5-6) is to
include an integrator in the subsequently developed controller. It will later be shown that
leol , |e1| — 0, which implies |¢; — ¢| — 0, thereby achieving the control objective.

After multiplying the time derivative of (5-6) by J, and utilizing (4—-2), (5-3), (5—4),

and (5-5), the open-loop dynamics during asynchronous stimulation can be expressed
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as

Jéo =W + 74 — Qot)Vo(r) (5-7)

where J is the same inertia for each subsystem since each subsystem acts on the same

knee-shank complex, and W € R denotes an auxiliary term defined as
W 2 J (Ga+ ao (4o — §) + arér) + M, + My + M,.
To facilitate the subsequent stability analysis, (5—7) is expressed as
Jéo =W +Wy—e; + 74— Qo) Vo (), (5-8)
where W, W, € R denote the auxiliary terms

W = W — Wd + €1,
Wa £ Jia + Me(qa) + My(qa) + My(qa)-
The motivation for expressing the open-loop error system as in (5-8) is to separate
the model into groups that are bounded by states or by constants. Specifically, by
applying the Mean Value Theorem [78, Lemma 5], W can be upper bounded by state-

dependent terms as

W] < plllzl) 1 (5-9)

where ||| denotes the standard 2-norm, > € R? is defined as
z é [607 €1, 62]T7 (5_1 O)

and p : R — R is a positive, radially unbounded, nondecreasing function. Based on the
assumption that the desired angular trajectory of the knee-joint is bounded, an upper

bound for 1, can be developed as

(Wa| < W, (5-11)
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where W, € R is a known positive constant.
Based on the open-loop error system in (5—8) and the subsequent stability analysis,

a sliding-mode-based controller is designed as
v; £ (kl,i + ]Cg,i)eg -+ /{3371' SgH(GQ), 7€ S, (5—1 2)

where ky;, k24, k3; € R are positive, constant control gains, and sgn(-) denotes the
signum function. To facilitate the subsequent analysis, let the minimum control gains for

all stimulation channels be defined as

kl,min = r?elsn {kl,i} 5 (5_1 3)
Ko min = Izneisn {kai} (5-14)
kB,min é I{lelSn {k&i} . (5_1 5)

After substituting (5—-12) into (5-8), the closed-loop dynamics can be written as

Jég =W + Wy — €1+ Ta — Qoiy (Frow) + kao())ez

— Qoykz o) sgn(es).

As described in Section 5.3, Theorem 5.1 and its associated stability proof establish that
the switching asynchronous controller in (5-2) and (5—-12) yields exponential tracking of
a desired knee-joint trajectory.
5.3 Stability Analysis
Let D be the interior of the set {¢ € R?® | p (||¢]|) < 1/4Ak2min2} Where

A £ min { <a0 — %) ) (041 - %) ) kl,minQ} ) (5-16)

and 2 was defined in Assumption 5.1. Let V;, : D — R be a common Lyapunov function

candidate, defined as

60 + _61 _|’ _J€2, (5_1 7)



which satisfies the following inequalities:
Mllzl® < Ve < ellzl, (5-18)

where A; £ min {1,17}, X\ £ max {,1J}, and = was defined in (5-10). Let the region

of attraction D, C D be the interior of {5 €ED|p ( i—j H5H> < \/4>\k2,ming} :
Theorem 5.1. The controller designed in (5—2) and (5—12) yields semi-global exponen-

tial tracking in the sense that

lqa(t) — q(t)] < (1 + ao) \@ |2 (to)|| e 727", (5-19)

where t, is the initial time, and ¢ € R is some positive constant, provided that the control
gain ki is selected sufficiently large so that the initial condition z(to) € D.; ao, o > 3;

and the control gain ks i IS Selected according to the following sufficient condition:
k&min > Q_l (Wd + ?d) ) (5_20)

where W, was introduced in (5—11), and 7, is a known bound on the disturbance torque.

Proof. The time derivative of (5—17) exists almost everywhere (a.e.) i.e., for almost all
t € [ty 00), and V;, €V, where
V.2 N K, é1, 6, 1T, (5-21)

geoavy,

where 0V, is the generalized gradient of V7, and K [-] is defined as in [80]. Since V/, is

continuously differentiable with respect to its arguments, (5-21) can be rewritten as
Vi € VVIK [éo, ér, é9, 1]7, (5-22)

. 1T .
where VV;, £ [eo, e, €2, %Je%] . Using K [] from [80], the fact that / = 0, and
substituting (5-5), (5—-6), and (5-8) into (5—22) yields

VL C 60(61 — 01060) + 61(62 — 05161)
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+ 62(W +Wqg—e1+14— K [Qa(t)Va(t)] ).

First V;, is examined during the non-switching instants to prove that V;, is a common

Lyapunov function. Assuming the arbitrary subsystem p € S is active at time ¢,

VL - 60(61 — 04060) + e (62 — CY161)

+es(WH+Wy—e1+70— QK 1)), p €S, (5-23)

where (2, is continuous by Assumption 5.1 and thus K [Q,v,] = Q,K [v,] during the
non-switching instants for arbitrary p € S. By canceling common terms and substituting

(5—-12), (5—23) can be rewritten as

Vi = — aped — ar€? + eger + eo(W + Wy + 74)

— Qp(klgp + k’g,p)eg — ka'g’p |€2‘ , P € S, (5—24)

where the set in (5—23) reduces to the singleton in (5-24) since e; K [sgn] (e5) = |ea].
After using Young’s inequality, (5—11), and the definition of the bounded disturbance, the

expression in (5—24) can then be upper bounded as
e 1\ , 1 , )
Vi < — 040—5 € — 041_5 e1 — kip{de;
— (kgprp — Wd — ?d) ‘62‘ — k27pr622 -+ 62W. (5—25)

After utilizing (5-9), (5—-20), (5—13)-(5-15), and the fact that 2, > Q@ > 0, Vp € S

from Assumption 5.1, the inequality in (5—25) can be further upper bounded as

. a.e. 1 1
Vv < — (ao — 5) eq — (al - 5) el — k1 minQ2€5

— kamine3 + p([121]) 12l ezl (5-26)

After completing the square, (5-26) can be expressed as
- P21 II)
< — —
VL o ()\ 4k'2 mln H H
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< —¢|z|f*, Vz €D,

< _ Sy, veD, (5-27)

where c is a positive constant, p was introduced in (5-9), A, was introduced in (5—-18),
and X\ was introduced in (5—16). From the inequality in (5—27), it can be concluded
that V7, is in fact a common Lyapunov function since its time derivative has a common
negative definite upper bound for each subsystem. From (5-27), [81, Corollary 1] can
be invoked to show that = € D, Vt > ty, Vz(ty) € D., and hence, ey, ey, €2, V, €
Lo, Vz(ty) € D,. From (5—12) and the fact that e; € L, the control input for each
channel v; € L.

From the inequality in (5-27) and the fact that = € D, Vi > ty, Vz (to) € D,,
Vi(t) <Vi(to)e 22" v 2(t) € D..

From (5-18),

@O < A_1VL< )

g\/ —Vi(to)e 227 v 2(ty) € D,

\/_ l2(to)|* e 327, ¥ 2(to) € D,

2 la(to) | e H ), Va(ty) € D,
1

From the definitions of e; and z in (5-5) and (5—10), |qa — ¢| < |e1|+ao |eo] < (1 + ao) |2,
and thus, semi-global exponential tracking of the knee-joint trajectory is achieved in the
sense of (5—-19). The region of attraction, D,, can be expanded arbitrarily by increasing
k2min. Furthermore, the result of stability analysis is independent of the designed
switching signal o. In other words, the switching signal can be arbitrarily designed a

priori by the user without needing to adhere to dwell time requirements. Limb tracking
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is therefore achieved for asynchronous stimulation despite instant switching between

stimulation channels. N

5.4 Experiments
Asynchronous and conventional stimulation were tested during isometric contrac-
tions to examine the muscle response to stimulation. Experiments were also conducted
with dynamic contractions to test the developed controller and to better understand the
NMES-induced fatigue characteristics of asynchronous and conventional stimulation
during feedback control. For dynamic contractions, the developed control algorithm
was used to vary the pulsewidth in real time while the current amplitude and stimulation
frequency remained constant.
5.4.1 Subjects
Four able-bodied individuals (male, aged 20 to 27) participated in the study. Prior to
participation, written informed consent was obtained from all participants, as approved
by the institutional review board at the University of Florida.
5.4.2 Apparatus
All testing was performed using an apparatus that consisted of the following:
1. A current-controlled 8-channel stimulator (RehaStim, Hasomed GmbH, operating
in ScienceMode)
2. A data acquisition device (Quanser Q8-USB)
3. A personal computer running Matlab/Simulink
4. A leg extension machine (shown previously in Figure 4-1) that was modified to
include sensors as well as boots to securely fasten the shank and foot
5. Optical encoders to measure the leg angle (BEI Technologies)

6. Force Transducers to measure knee-joint torque (Transducer Techniques)
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7. Surface electrodes (Axelgaard Manufacturing Co., Ltd.)’

5.4.3 Stimulation Protocols

Two stimulation protocols were examined: 16 Hz asynchronous stimulation (A16)
with four channels and 64 Hz conventional stimulation (C64) with a single channel.
These two protocols were selected because A16 has a composite stimulation frequency
equivalent to C64. Conventional stimulation consisted of a single stimulation channel
with a pair of 3” by 5” Valutrode® surface electrodes placed distally and proximally
over the quadriceps femoris muscle group, while asynchronous stimulation consisted
of four channels of stimulation utilizing four electrodes placed distally (1.5” by 3.5”
Valutrode®) and two electrodes placed proximally (2” by 3.5” Valutrode®). The electrode
configurations utilized for conventional and asynchronous stimulation are the same as
previously depicted in Figure 4-3.
5.4.4 Precautions

The order of the two stimulation protocols (A16 and C64) were randomized for
each leg. To prevent any layover effect of fatigue, each leg received only one stimulation
protocol per day. A minimum of 48 hours of rest was required before the individual
completed the remaining stimulation protocol for each leg.
5.4.5 Measuring the Control Effectiveness

Due to the spatial distribution of the electrodes, it is expected that the muscle
response to stimulation will be different for each channel when utilizing asynchronous
stimulation. To examine the extent of the differences, recruitment curves (i.e., the
relationship between pulsewidth and the evoked torque) were constructed for each
channel. To construct the recruitment curves, pulses were delivered at 64 Hz with

a constant current amplitude of 70 mA and a pulsewidth that increased as a ramp

! Surface electrodes for the study were provided compliments of Axelgaard Manufac-
turing Co., Ltd.
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(increasing in steps of 1 us until the torque reached 25 N-m or the participant reported
mild discomfort). The control effectiveness for each channel was then calculated as the
linear slope of the recruitment curve. The control effectiveness was also calculated for
conventional stimulation as a point of reference.
5.4.6 Fatigue Trials
After measuring the control effectiveness under isometric conditions, fatigue
trials were conducted to compare each stimulation protocol in terms of its ability to
maintain limb trajectory tracking. The desired angular trajectory? of the knee-joint was
selected as a sinusoid ranging from 5 to 50 degrees with a period of 2 seconds. The
current amplitude and stimulation frequency remained constant while the pulsewidth
was adjusted according to the developed feedback control algorithm in (5—-12) and
the stimulation channels were switched according to (5-2). Since there is a finite
pulsewidth resolution for the stimulator (steps of 1 us), the current amplitude must
be selected small enough so that there is a sufficient range of pulsewidth values
corresponding to the desired range of motion. However, the current amplitude must
also be selected large enough so that the pulsewidth does not saturate. Based on
preliminary experiments, the current amplitude was fixed to 70 mA. However, in the
specific case of conventional stimulation with Subject B, the current amplitude was
increased to 90 mA since the muscle exhibited a weaker response to stimulation. This is
unsurprising since conventional stimulation has been reported to require a larger current
amplitude to reach the same value of torque as asynchronous stimulation [63, 64, 74].
Control gains were adjusted in pretrial tests to achieve trajectory tracking. The root
mean square (RMS) position tracking error was calculated in real time with a moving
window of 2 seconds to assist the gain tuning process (targeting 5 degrees of RMS

error). The baseline RMS tracking error was calculated when the tracking error had

2 The desired trajectory was based on the comfortable range of motion.
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reached steady state.® The successful run time (SRT) of each fatigue trial was then
calculated as the elapsed time from the onset of steady state tracking to the time that
the RMS tracking error increased to 3 degrees above the baseline measurement.
5.4.7 Statistical Analysis

A Wilcoxon Signed Rank Test was performed at a significance level of « = 0.05
to test for statistically significant differences between asynchronous and conventional
stimulation in terms of SRT and the baseline RMS tracking error. A Friedman test
was performed at a significance level of o = 0.05 to test for statistically significant
differences between the the four asynchronous stimulation channels in terms of the
control effectiveness.

5.5 Results

Table 5-1 lists the control effectiveness for single-channel conventional stimulation
as well as the control effectiveness for each channel of asynchronous stimulation. A
Friedman test on the response of the four asynchronous stimulation channels indicated
that there was statistically significant difference between the channels (p-value =
0.002). Figure 5-1 depicts the measured recruitment curves for the left leg of Subject
C, highlighting each channel’s differing response to electrical stimulation. The SRTs for
each fatigue trial are listed in Table 5-2, and the corresponding baseline RMS errors
are listed in Table 5-3. Asynchronous stimulation yielded a significantly longer SRT
than conventional stimulation (p-value = 0.014). Meanwhile, the baseline RMS errors
were not significantly different (p-value = 1.000). Example fatigue trials comparing

asynchronous and conventional stimulation are shown in Figure 5-2. A detailed view

3 The onset of steady state tracking is defined as the point at which the RMS error
begins to flatten (no longer decreasing from the large initial error). Steady state tracking
occurred approximately 10 seconds after starting the trial, on average.
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highlighting the switched control input for each stimulation channel is provided in Figure
5-8.

Table 5-1. Control effectiveness (N-m-ps™).

Conv Async
Subject-Leg Ch1 Ch1 Ch2 Ch3 Ch4
A - Left 0.483 0.743 0.566 0.403 0.289
A - Right 0.404 0.404 0.217 0.333 0.258
B - Left 0.112 0.214 0.070 0.135 0.267
B - Right 0.146 0.193 0.044 0.144 0.089
C - Left 0.396 0.367 0.115 0.318 0.322
C - Right 0.203 0.374 0.197 0.286 0.349
D - Left 0.256 0.779 0.182 0.351 0.208
D - Right 0.219 0.337 0.138 0.121 0.271
25th Percentile 0.160 0.245 0.081 0.137 0.220
Median 0.237 0.372 0.160 0.300 0.269

75th Percentile 0.402 0.658 0.212 0.347 0.294

5.6 Discussion

Asynchronous stimulation is a promising stimulation method that has been pre-
viously shown to reduce fatigue during isometric contractions with fixed stimulation
parameters [55, 56, 58—65, 67]. Asynchronous stimulation may also reduce fatigue
during isotonic gripping [51] and FES cycling [52]. The desire to use asynchronous
stimulation for rehabilitative procedures or neuroprostheses, coupled with the challenges
of switching between sets of motor units, motivates the developed control design. A
challenge to designing an asynchronous stimulation controller is that, due to the spatial
distribution of the electrodes, each channel is likely to recruit a different number or
type of motor units for the same stimulation parameters. From a control perspective,
this problem is represented by a switching control effectiveness (€2, in (5-3)). While
previous studies have not directly measured the control effectiveness for each channel,

there is some previous evidence to suggest that each channel’s response to stimulation
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Table 5-2. Successful run time (in seconds).
Subject-Leg C64 A16 Difference

A - Left 245 443 19.7
A - Right 28.5 58.0 29.5
B - Left 259 56.8 30.9
B - Right 29.7 684 38.7
C - Left 36.7 59.6 23.0
C - Right 48.9 80.1 31.2
D - Left 27.3 234.8 207.5
D - Right 20.7 953 74.5
25th Percentile 249 571 24.6
Median 279 64.0 31.0¢

75th Percentile 349 915 65.6

«x SRT of asynchronous stimulation is statistically longer than that of conventional stimu-
lation

Table 5-3. Baseline RMS error (degrees).
Subject-Leg C64 A16 Difference

A - Left 5.46 5.50 0.04
A - Right 5.29 5.32 0.02
B - Left 5.05 5.18 0.13
B - Right 502 523 0.21
C - Left 490 4.72 -0.18
C - Right 5.08 4.63 -0.40
D - Left 5.05 5.38 0.33
D - Right 5.36 5.10 -0.26
25th Percentile 5.02 4.81 -0.24
Median 5.05 5.20 0.03

75th Percentile 5.34 5.37 0.19
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Figure 5-1. Differing control effectiveness for asynchronous stimulation.

Recruitment curves corresponding to the four individual channels of asynchronous stim-
ulation on the left leg of Subject C. Solid lines indicate the linear fit which illustrates the
differences in the control effectiveness for each channel (i.e., 2 in (5-1)).

can differ since asynchronous stimulation has been shown to result in force ripple (i.e.,
unfused tetanus) [58, 74]. In the present study, the control effectiveness was measured
for each channel during isometric contractions. The results indicate that there is in fact a
significant difference, corroborating the switched model in (5-3). It should be noted that
the control effectiveness for each channel is time-varying in general (e.g., due to fatigue
and the muscle force-length relationship), and therefore, the control effectiveness for
each channel may become more similar or dissimilar as the leg moves and the muscle
fatigues during feedback control. Nevertheless, the present results highlight that the

control effectiveness values should not be assumed to be equal when developing control

algorithms for asynchronous stimulation.
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Figure 5-2. Example tracking performance for switched tracking control.

Example tracking performance taken from the right leg of Subject D comparing con-
ventional stimulation (left column) and asynchronous stimulation (right column). Plot

(a) depicts the desired (solid line) and actual (dashed line) knee-joint angle. Plot (b)
depicts the angular position tracking error. Plot (c) depicts the RMS tracking error cal-
culated over a moving 2 second window (corresponding to the period of the desired
trajectory). The horizontal dashed lines in Plot (c) indicate the baseline error and the
threshold that determines the end of successful tracking (set to 3 degrees of RMS error
above the baseline measurement). Vertical solid lines correspond to the time that steady
state tracking began and the time that the RMS error increased by 3 degrees. The end
time is not shown for asynchronous stimulation so that the two protocols can be visually

compared over the same time scale.
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Figure 5-3. Switched pulsewidth input.

For asynchronous stimulation, the control inputs for each channel were calculated ac-

cording to (5—12) and the stimulation channels were switched according to (5-2). De-

picted are the control inputs for the asynchronous stimulation fatigue trial of the right leg

of Subject D. For illustrative purposes, the control inputs are depicted over a period of

0.25 seconds.
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Limited control development has been provided for multi-channel asynchronous
stimulation. Lau et al. [66] implemented a closed-loop, logic-based, if-then-else algo-
rithm for standing in cats. Frankel et al. [72] implemented an iterative learning controller
for isometric force control in cats. However, no modeling or stability analysis were in-
cluded in the aforementioned studies. In [73], a RISE-based control law was developed
for knee-joint tracking with asynchronous stimulation. While the work considered that
each stimulation channel could have a different control effectiveness, the control design
did not allow for instantaneous switching and made an implicit assumption that there is
no activation overlap between the stimulation channels. Therefore, in the present work,
a switched systems analysis was used to examine and develop an alternative control
approach that allows for instantaneous switching between stimulation channels and
removes the assumption that there is no activation overlap. The developed controller
was implemented on four individuals with asynchronous and conventional stimulation.
Asynchronous stimulation was found to result in statistically longer durations of success-
ful tracking for the knee-joint angle despite statistically different responses between the
stimulation channels.

While the present results are promising, additional opportunities exist for asyn-
chronous stimulation. An adaptive control design may prove to be beneficial for asyn-
chronous stimulation since adaptive controllers typically require less control effort and
result in better tracking performance than robust controllers in practice. Future efforts
could also focus on extending the current result to other functional activities. For exam-
ple, asynchronous stimulation has shown the potential to be effective for open-loop FES
cycling with constant stimulation parameters [52], but combining feedback control of
FES cycling [29] with asynchronous stimulation may further improve rehabilitative treat-
ments. Along these lines, opportunities exist whereby asynchronous stimulation could
be implemented along with an exoskeleton (e.g., [83, 84]) or robotic orthosis (e.g., [85])

to create a stimulation-assisted exoskeleton/orthosis that exploits the fatigue-resistant
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characteristics of asynchronous stimulation. In conclusion, feedback control of asyn-
chronous stimulation should also be examined in a patient population as the duration
of successful tracking may differ from that of the able-bodied population in the present
study.
5.7 Concluding Remarks

A novel feedback controller is developed to yield semi-global exponential trajectory
tracking for a human limb during either sequential or asynchronous neuromuscular
electrical stimulation despite instantaneous switching between stimulation channels.
Since the switching signal is not state dependent and can be specified by the user a
priori, the proposed controller is suitable for both methods of stimulation where the
switching signal is either fast (i.e., asynchronous stimulation with interleaved pulses) or
slow (i.e., sequential stimulation with sequential pulse trains). The controller is promising
for the implementation of sequential and asynchronous stimulation for closed-loop
rehabilitative procedures and in assistive devices as a method to reduce fatigue while

tracking a desired trajectory.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

A promising new method of stimulation, asynchronous stimulation, was exam-
ined in the present work. Asynchronous stimulation had previously been shown to
reduce NMES-induced fatigue in open-loop experiments with fixed stimulation param-
eters. However, there is still much to be learned about asynchronous stimulation, and
therefore, the focus of the present work was further the development of the promising
method. For example, while it is well known that asynchronous stimulation reduces
NMES-induced fatigue compared to conventional stimulation, it was previously unclear
if lower frequency asynchronous stimulation may also be preferred over high frequency
asynchronous stimulation. In Chapter 2, it was determined that there is in fact a sig-
nificant advantage to utilizing lower stimulation frequencies, even for asynchronous
stimulation, as post hoc analysis determined that 8 Hz asynchronous stimulation re-
sulted in significantly longer fatigue times than 16 Hz asynchronous (40% longer on
average in the SCI population and 85% longer on average in the able-bodied popula-
tion). Post hoc analysis also determined there to be a statistically significant difference
in the mean fatigue indices of 8 Hz asynchronous and 16 Hz asynchronous for the
able-bodied population but a statistical difference could not be concluded for the SCI
population. However, the data suggests that 8 Hz asynchronous leads to less total
fatigue as it resulted in an 18% greater fatigue index than 16 Hz asynchronous stimula-
tion on average for both populations. While there are obvious differences between the
able-bodied and SCI populations in the sense that the SCI population exhibited higher
rates of fatigue (cf. Tables 2-2 and 2-4) and more total fatigue at the end of the trials (cf.
Tables 2-3 and 2-5), both populations exhibited the same general trends.

While asynchronous stimulation can reduce fatigue, each stimulation channel is

likely to recruit a different number and/or type of motor unit for a given stimulus. Thus,
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asynchronous stimulation may also exhibit a force ripple (i.e., contractions that are

not fully fused, thus exhibiting non-smooth force tracings). The amount of force ripple
present during asynchronous stimulation in man was not previously clear, and therefore,
in Chapter 3, the force ripple was quantified during asynchronous and conventional
single-channel transcutaneous stimulation across a range of stimulation frequencies. It
was found that force ripple was significant at lower frequencies but not high stimulation
frequencies.

Since asynchronous stimulation has shown promise in open-loop experiments, it
was previously expected to extend the time that functional tasks may be performed if
they are combined with feedback control. However, closed-loop experiments had not
previously been conducted in man to compare asynchronous and conventional stimula-
tion. Furthermore, one limitation to asynchronous is that switching between stimulation
channels introduces discontinuities due to a differing response to stimulation by each
group of recruited motor units. However, previous literature on asynchronous stimulation
neither developed nor tested feedback control of asynchronous stimulation in man.
Thus, there was a need to design controllers which consider the switching dynamics
and muscle response to stimulation. A continuous closed-loop feedback controller was
developed in Chapter 4 to yield semi-global asymptotic tracking of a desired trajectory
for a person’s knee-shank complex during either asynchronous or sequential stimula-
tion. The experiments indicated that asynchronous stimulation can successfully extend
the duration of successful limb tracking compared to conventional stimulation in man.
This result is promising for various rehabilitative treatments and for the development
of neuroprostheses that may require the use of feedback control, since asynchronous
stimulation could slow the rate of fatigue. Although experiments were conducted only
in able-bodied individuals, asynchronous stimulation has been previously shown to
slow the rate of fatigue (without feedback control) in individuals post-stroke [51] and in

individuals with spinal cord injury [56, 63, 64, 67]. Furthermore, the results in Chapter 2
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highlighted that the general trend in the performance of multiple stimulation protocols

is the same in able-bodied SCI individuals. Therefore, it is expected that feedback con-
trol with asynchronous stimulation would result in longer durations of successful limb
tracking than conventional stimulation in patient populations, similar to the able-bodied
population of the present work. Nonetheless, experimental validation is still required to
know the extent of the fatigue benefits during feedback control for individuals with spinal
cord injury and other neurological disorders.

While the work in Chapter 4 was promising in the sense that it was the first to
develop, analyze, and test and feedback controller for asynchronous stimulation (and
subsequently highlight fatigue benefits of the method), there were some mathematical
limitations to the control development. Specifically, the work in Chapter 4 implicitly as-
sumed that there was zero activation overlap between stimulation channel. While zero
activation overlap is desired to reduce fatigue, it can not necessarily be guaranteed, es-
pecially during transcutaneous electrical stimulation. Furthermore, the analysis dictated
the introduction of a smoothing signal and a transition period, and therefore, instant
switching between stimulation channels could not be obtained. While the transition could
be made arbitrarily small to approximate instant switching, decreases in the transition
period implied that the control gains would need to be increased (based on a sufficient
condition from stability analysis). Therefore, in Chapter 5, a closed-loop feedback con-
troller is developed through a switched systems analysis to improve upon the result in
Chapter 4. The controller yields semi-global exponential tracking despite instantaneous
switching between stimulation channels and removes the implicit assumption of zero ac-
tivation overlap. Experimental results illustrate the performance of the newly developed
controller. Additional experiments are the first to show that the recruitment curves are in
fact different for each stimulation channel, confirming the modeling of the discontinuous
control effectiveness for which the controller was developed. The results are promising

for the implementation of asynchronous stimulation in assistive devices and closed-loop
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rehabilitative procedures as methods to limit NMES-induced fatigue while tracking a
desired trajectory, thereby extending treatment duration and the duration that functional
tasks can be performed.

In conclusion, the work herein highlights a promising new stimulation method that
can advance the field of neuromuscular electrical stimulation, its shortcomings, and
methods to overcome those shortcomings. However, there is still much to learn about
asynchronous stimulation and there are many opportunities to improve the method.
Section 6.2 details potential topics for future work.

6.2 Future Work

While the results in the present dissertation are promising, additional opportunities
exist to develop controllers for asynchronous stimulation. Specifically, the work in
Chapters 4 and 5 utilize robust controllers due to the unknown time-varying nature
of muscle stimulation. However, adaptive controllers may be beneficial since they
typically require less control input and yield better tracking that robust controllers
in practice. Along these lines, since the recruitment curves are different for each
stimulation channel, methods that estimate or learn these relationships could result in
better tracking since the desired torque could be directly specified (within some level of
accuracy) in the controller. One possible method to learn this relationship is to utilize
dynamic torque sensors so that the otherwise unknown stimulus-to-torque relationship
can be measured in real time.

The optimal electrode configuration for asynchronous stimulation is presently
unclear. Currently, most researchers utilize four smaller electrodes placed either
distally/proximally and a larger, common electrode for all channels placed proxi-
mally/distally. Since biphasic pulses are typically delivered and the ratio of larger
to smaller electrodes is not significant enough to be monopolar, the motor neurons
recruited by the larger electrode would still be recruited at a rate equivalent to conven-

tional stimulation. While this configuration has been shown to induce less fatigue than
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conventional stimulation, fatigue could potentially be reduced even further by utilizing
unique pairs of electrodes for each channel rather than having an electrode that is
common to multiple stimulation channels. In the present work, the utilized electrode
configuration limited the sharing of electrodes compared to previous work (two elec-
trodes were common to two channels each rather than one electrode common to four
channels). While the decision to utilize this configuration is well motivated, no attempt
was made to compare the differences in fatigue across multiple electrode configurations.
Therefore, future work could examine the optimal number, size, shape, and placement of
electrodes for asynchronous stimulation.

While not often discussed, one limitation to asynchronous stimulation is that
the sensation of the stimulus can be more unpleasant than that during conventional
stimulation. This is likely due to the fact that asynchronous stimulation utilizes smaller
electrodes, thereby leading to an increased current density over a smaller surface of the
skin. Along the lines of the previous point, it may be possible to reduce the sensation of
skin pain through the design of an optimal electrode configuration. Additionally, rather
than having only one stimulation channel active at a given time, it may be of interest to
deliver a small stimulation intensity (below the threshold for muscle activation but above
the threshold for sensation) to the “inactive” stimulation channels. By always delivering
a low intensity stimulus, pain could be reduced via inhibitory connections between
receptors. For example, it is well-known in physiology that the ability to distinguish
between sharp and dull points on an object stems from the fact that a dull object causes
a greater number of receptors to be activated (since it covers a wider area), and each
receptor has an inhibitory effect on its neighbors.

While limb tracking was able to be achieved in the present work, opportunities exist
to extend the present work to other functional movements. For example, FES cycling
has been shown to be an effective rehabilitation treatment, and therefore, it is expected

that prolonging the treatment duration via asynchronous stimulation could lead to
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improved or quicker rehabilitative outcomes. However, this has not yet been examined.
Therefore, future work could develop asynchronous stimulation controllers for functional
tasks such as stepping or cycling and subsequently examine the acute and long term
effects of extended closed-loop treatments in a patient population in terms of stamina,
strength, neuroplasticity, etc.

The two primary goals of NMES/FES are to rehabilitate and to enable activities of
daily living. While the development of feedback controllers can yield coordinated limb
movement, there may be instances where the additional assistance of an exoskelton
is required. For example, hip flexors are difficult to target via transcutaneous electrical
stimulation, and therefore motors attached to the individual’s hip could overcome this
limitation. Additionally, depending on the individual, even the muscles that can be easily
targeted (e.g., quadriceps femoris) might have limited force output due to atrophy. In this
situation, even if feedback control via FES can theoretically lead to limb tracking, muscle
weakness could necessitate the additional assistance of an exoskeleton. However,
exoskeletons are not without their own limitations. Specifically, exoskeltons can be
heavy due to the weight of the actuators and the power source. One advantage of
muscle stimulation is that the true power source is contained within the human body and
the electrical sitmuli only act a trigger to the muscle contraction. Therefore, the addition
of muscle stimulation to a traditional exoskelton reduces the need for larger motors
and power sources. Meanwhile, the presence of electric motors could guarantee the
safety of the device and reduce the work load of the individual’s muscles, as needed.
Furthermore, by incorporating muscle stimulation (rather than electric motors alone), the
individual will effectively receive a rehabilitative treatment, thereby regaining strength,
improving cardiovascular health, etc. As muscle strength is regained, the electric motor
assistance could slowly be removed. Therefore, muscle stimulation could lead to the
individual becoming less dependent on assistance by the electric motor. In turn, the

individual could transition to exoskeletons with smaller motors, reduced weight, and
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increasingly compact form factors. Ultimately, the combination of muscle stimulation and
traditional motor control in a hybrid exoskelton could result in an improved device that

is less cumbersome and functions as an everyday rehabilitation treatment. By utilizing
asynchronous stimulation to slow the onset of fatigue, the implementation of such a

device becomes more feasible.
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