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Closed-Loop Asynchronous Neuromuscular
Electrical Stimulation Prolongs Functional
Movements in the Lower Body

Ryan J. Downey, Teng-Hu Cheng, Matthew J. Bellman, and Warren E. Dixon

Abstract—Neuromuscular electrical stimulation (NMES) is
commonly used in rehabilitative settings and is also used for
assistive purposes to create functional movements, where it is
termed functional electrical stimulation (FES). One limitation
of NMES/FES is early onset of muscle fatigue. NMES-induced
fatigue can be reduced by switching between multiple stimulation
channels that target different motor units or synergistic muscles
(i.e., asynchronous stimulation). However, switching stimulation
channels introduces additional complexity due to the need to
consider the switching dynamics and differing muscle response
to stimulation. The objective of this study was to develop and
test a closed-loop controller for asynchronous stimulation. The
developed closed-loop controller yields asymptotic tracking of
a desired trajectory for a person’s knee-shank complex despite
switching between stimulation channels. The developed con-
troller was implemented on four able-bodied individuals with
four-channel asynchronous stimulation as well as single-channel
conventional stimulation. The results indicate that asynchronous
stimulation extends the duration that functional movements can
be performed during feedback control. This result is promising
for the implementation of asynchronous stimulation in closed-loop
rehabilitative procedures and in assistive devices as a method to
reduce muscle fatigue while maintaining a person's ability to track
a desired limb trajectory.

Index Terms—Asynchronous stimulation, closed-loop control,
fatigue, functional electrical stimulation (FES), neuromuscular
electrical stimulation (NMES).

I. INTRODUCTION

EUROMUSCULAR electrical stimulation (NMES) is
N commonly used for rehabilitation and has been shown
to impart a number of health benefits [1]-[5]. However, the
early onset of muscle fatigue limits the duration that NMES
can be applied, thereby limiting the imparted health benefits.
Furthermore, NMES can be used to evoke functional outcomes
[6], [7], where it is termed functional electrical stimulation
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(FES). However, NMES-induced fatigue limits the duration
that functional tasks can be performed. Therefore, researchers
have examined methods to slow the rate of fatigue [8]-[12].

One suggested cause of fatigue is that, in contrast to the
Henneman size principle for voluntary motor unit recruitment
[13], large, quick fatiguing motor units are preferentially re-
cruited over slow fatiguing motor units during NMES. While
a reversal of the size principal has been commonly suggested
[14], [15], some research contends that NMES-induced motor
unit recruitment is nonselective without preference to muscle
fiber type [16], [17]. Another commonly suggested cause of
fatigue is that, in contrast to volitional contractions, motor units
are activated synchronously during NMES [16], [17]. Ulti-
mately, higher stimulation frequencies are required to achieve a
smooth force output (i.e., fused tetanus) when recruited muscle
fibers are activated synchronously rather than asynchronously
due to the temporal summation of the muscle force output.
Since high stimulation frequencies are associated with the early
onset of fatigue [18]-[20], low stimulation frequencies should
be utilized to minimize fatigue or sustain a desired functional
outcome. Researchers have developed two similar stimulation
methods to counteract this suggested cause of fatigue: sequen-
tial stimulation and asynchronous stimulation.

During sequential stimulation, multiple stimulation channels
are utilized to either segregate the desired muscle into multiple
groups of motor units or to segregate multiple synergistic
muscles. Pulse trains are then delivered sequentially 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.
Similar to sequential stimulation, asynchronous stimulation
utilizes multiple stimulation channels to segregate motor units
or synergistic muscles. However, during asynchronous stim-
ulation, the stimulus pulses are delivered in an interleaved
manner so that low stimulation frequencies are achieved at each
stimulation channel while retaining a high composite stimu-
lation frequency. Lower rates of fatigue during asynchronous
stimulation can similarly be attributed to a reduced stimulation
frequency of the recruited motor units. An illustrative compar-
ison of sequential, asynchronous, and conventional stimulation
is provided in Fig. 1.

Both asynchronous stimulation [21]-[34] and sequential
stimulation [35]-[38] have been shown to reduce NMES-in-
duced fatigue; however, previous studies have primarily
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Fig. 1. During sequential stimulation, high frequency pulse trains are deliv-
ered sequentially to multiple channels, resulting in a lower average stimulation
frequency per channel. In the present example, each stimulation channel re-
ceives pulses at 64 Hz; however, the average stimulation frequency is 16 Hz
per channel. During asynchronous stimulation, multiple channels are utilized
where high composite stimulation frequencies are achieved by interleaving the
pulses. Depicted is asynchronous 16 Hz stimulation with four channels where
each channel receives pulse trains at 16 Hz, but the composite stimulation fre-
quency is 64 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 64 Hz conventional stimulation. The pulsewidths are not
drawn to scale for illustrative purposes.

focused on isometric contractions with fixed stimulation pa-
rameters (i.e., open-loop stimulation) [21]-[25], [28]-[32],
[34], [36], [37]. 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 [36] 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, incorporating either of these
stimulation strategies with a closed-loop controller is chal-
lenging 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 chal-
lenges and asynchronous stimulation is more commonly used,
the subsequent limb model and control development sections
will refer only to asynchronous stimulation without loss of
generality.

Based on the preliminary work in [39], a closed-loop tracking
controller is developed for asynchronous stimulation. The asso-
ciated 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 transi-
tion period, which can be made arbitrarily short by adjusting
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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.

II. LiMB MODEL

The knee-joint dynamics are modeled as in [40] as
A'[I + AJe + ]\/[g + A[U +Tg =T (l)

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;
74 € R denotes an unknown time-varying disturbance that is
assumed to be sufficiently smooth in the sense that 74, 74, 74 €
Ly ; and 7 € R denotes the torque produced at the knee-joint
due to stimulation. The inertial and gravitational effects in (1)
are modeled as

M; 2 J§, M, = mglsin(q) ()

where J, m, g, l € R are positive constants, and ¢, ¢, § € R
denote the angular position (depicted in Fig. 2), 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 [40] as

Afe L keleikezq(q — k’eg)
where k.1, koo, ke3 € R are unknown constants and
M, & — B tanh(—Bsg) + Bsg

where Bj, 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 § € N
be the finite index set for all stimulation channels, defined as

$£{1,23,..., N

Then, the torque produced by stimulation of the ith subsystem
is related to the musculotendon force as

= Fr;, €S 3)
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Fig. 2. Modified leg extension machine was fitted with optical encoders to measure the knee joint angle g and provide feedback to the developed control algorithm
running on a personal computer. Participants were seated at the leg extension machine with the thighs parallel to the ground and hips flexed approximately 75°.
The desired stimulation parameters were sent in real time from a personal computer to the stimulator via USB.

where ¢; € R denotes an unknown, positive moment arm that
changes with extension and flexion of the leg. The musculo-
tendon force Frp; € R is defined as
Fr;, 2 F cos(a;), 1€S %)
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 re-
cruited motor units in the ¢th subsystem. The relationship be-
tween muscle force and applied voltage is defined as
Fi 2 omV;, i€$ )
where V; € R represents the voltage applied to the 2th sub-
system by electrical stimulation; n; € R is an unknown func-
tion of ¢ and ¢ (i.e., 1; 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 tran-
sition 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

]\/fj—i-Me-l-Mg—i-Afu—i-Td:Ti—i-Tj (6)

where 7;, 7; € R denote the torque produced by stimulation of
the ith and jth subsystems, respectively, for 4,5 € S, # 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 is also
common to all subsystems.

Remark 1: Equation (6) 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. Activa-
tion 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 moti-
vation for asynchronous stimulation is to reduce fatigue. How-
ever, 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.

III. 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

O]

ay
€1 =4qd — 4
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where ¢4 € R denotes the desired angular trajectory for the knee
joint, designed such that g4, ¢% € L., where ¢¥ denotes the kth
derivative of g4 for &k = 1,2, 3, 4. To facilitate the subsequent
development, auxiliary tracking errors e, 7 € R are defined as

®)
)

where aq,as € R are selectable positive constants. The fil-
tered 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.

After multiplying (9) by J, and utilizing (2) and (6)—(8), the
open-loop dynamics during stimulation of up to two subsystems
can be written as

e2 = €1 +aje;

(> 1>

T = €3 + qaes

Jr=W—r—7j+74 i,j €S, i #] (10)

where W € R denotes an auxiliary term defined as
W 2 J(fa+ a1ér + ages) + Mo + M, + M,.

After utilizing (3)—(5), the open-loop dynamics in (10) can be
expressed as

Jr=W -V —V;Q +74,4,J€S,i#J (11)
where V; € R denotes the voltage applied by the th stimulation
channel, and §2; € R denotes an unknown positive auxiliary
function of the leg angle and velocity that varies with time and
relates the voltage applied by the ith channel to the torque pro-
duced by the activated motor neurons, defined based on [40] as

(12)

Assumption 1: The moment arm ¢; is assumed to be a
nonzero, positive, and bounded function [41] where the first
two partial derivatives of ¢; with respect to ¢ exist and are
bounded for a bounded argument. Likewise, the function »;
is assumed to be a nonzero, positive, and bounded function
[42] provided the muscle is not fully stretched or contracting
concentrically at its maximum shortening velocity [43], 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 nonzero, positive, and
bounded function of time with bounded first and second time
derivatives. Thus, from (12), the first two partial derivatives of
1; with respect to ¢ and ¢ are assumed to exist and be bounded
for a bounded argument; the first two partial derivatives of £2;
with respect to time (via the time derivatives of ;) are assumed
to exist and be bounded; and 2; is assumed to be a nonzero,
positive, and bounded function such that £2; > ¢ > 0, Vi € §,
where ¢ € R is a known positive constant.

Let o : [0,00) — § denote a piecewise constant signal
that selects a stimulation channel from S to be activated at time
t € [0, o0). 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.

Qi é ST COS(CLi)7 i €S.
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Fig. 3. Depicted is an example piecewise constant switching signal o that se-
lects a desired stimulation channel to be active. Combining the switching signal
with the corresponding signal x results in a smooth transition of the control
voltage between stimulation channels as seen in the bottom subplot.

Property 1: The designed switching signal ¢ has a finite
number of discontinuities on any bounded time interval. Any
two consecutive switching times, £, and £ satisfy £, + At <
tr11V k € NU{0}, and the switching signal ¢ remains constant
fort € [tg, ter1)-

Let V' € R denote the voltage input to the system such that V
2y 4+ V;, where

ViV, V,E0-—x)V (13)
where x € R is an auxiliary signal designed such that 0 <
x < 1 so that the transition from one stimulation channel to
another is continuous. Fig. 3 illustrates a particular choice of
x that facilitates the transition between channels based on the
switching signal o, where ¥ is selected as

1 t e [t07 tl)
Icos@lt=te)) pe [t + AL
2 k€eNgaa ’
0 = 11 At t
X = kégodd[ b A Ti) (14)

Leoswlitul) g U [ty ty + At)

k even
1 te U [te+ Atitig)

e even

where Neven and Nygq are used to denote the even and odd
natural numbers, respectively. Based on the design in (14), x
and its first time derivative are bounded and continuous, and the
second time derivative of  is bounded. The transition period in
(14) is defined as At 2 (7)/(w) and can be made arbitrarily
short through the choice of w.

After substituting (13) into (11), the open-loop error dy-
namics can be expressed as

Jr=W —QV + g (15)

where
Q=X+ (1 —x)9y,

i,j €S,i#j. (16)
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From (14), (16), and Assumption 1, Q is nonzero, positive, and
bounded; the first two partial derivatives of { 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 deriva-
tives of ¢; and x) are bounded. Furthermore, Q > ¢ > 0, and
thus, € is invertible.

After multiplying (15) by Q !, the open-loop error dynamics
can be expressed as

Jar =Waq =V + 14a (17)

where
Jo2Q VU W2 Q7 'W, 740 2 Q1.

To facilitate the subsequent stability analysis, the time deriva-
tive of (17) is expressed as

1. . .
JszfiJQTJrNJrNd*@Q*V (18)

where N, N; € R denote the following auxiliary! terms
N2N-Ny,
. 1.
N2 Wa +es— SJar+faa

1 Qu
Ny2 — Ny — =2 Ny
d 0y d1 (Qa)? d2

A

Na £ JG 4+ M(q2) + M, (qq) + M, (4a) + 74
Naz £ Ja + Me(qa) + My(ga) + M, (da) + 74
Qd é Q(qdaqdvt)'

Motivation for expressing the open-loop error system as
in (18) is to separate the model into groups that are bounded
by state-dependent bounds or by constants. Specifically, by
applying the Mean Value Theorem ([44, Lemma 5]), N can be
upper-bounded by state-dependent terms as

N < p(l =Dl (19)
where || - || denotes the standard 2-norm, 2 € R? is defined as
z 2 e, eq, r|T (20)

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 Ny as

INal < Swvas I Nl < Gy,

where (n,, (y, € R are known, positive constants.

Remark 2: The bounds on N4 and J_\'"d depend on the signal
x since x and ¥ appear through © and Q. A sufficient condition
for stability of the closed-loop error system will later be shown
to depend on the bounds of N4 and Nd. Therefore, a sufficient

ey

IThe terms N and N4 are not available for use in the controller and are in-
troduced only to facilitate the stability analysis. These terms are not used in
the controller because they depend on the dynamics that contain parametric un-
certainty (e.g., J, m, I, By, k.1, 1, T4, and 7, are uncertain). Moreover, N
contains r, which depends on angular acceleration measurements. Motivation
to exclude r from the controller is that acceleration measurements contain high
frequency measurement/numerical artifacts that can inject high frequency con-
tent in the controller.
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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 (18) and the subse-
quent stability analysis, a RISE-based (Robust Integral of the
Sign of the Error) controller [45] is designed as

V £ (ks + 1)(e2 — e2(0)) + v (22)
where v is the generalized Filippov solution to
U = (ks + L)ages + Bsgnlen), ¥(0) = 1g (23)

where k;, 8 € R are positive, selectable control gains, vy is
a user-defined initial voltage, and sgn( - ) denotes the signum
function.

Remark 3: In the subsequent experiments, the pulsewidth
will be adjusted according to the control law in (22) and (23)
rather than the voltage. During NMES, there are three stim-
ulation parameters that affect the resulting torque: pulse am-
plitude (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 (17) re-
lating 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 con-
troller that was developed for conventional stimulation in [40].
Meanwhile, the pulsewidth was varied during experiments in
the present work since the utilized stimulator has a greater res-
olution on pulsewidth (20-500 ws in steps of 1 ps) than current
amplitude (0—-126 mA in steps of 2 mA).

After substituting (22) into (18) and using the definition of r
in (9), the closed-loop dynamics can be written as

1. .
JQ’I'“:—iJQT—‘rN—‘rNd—eQ

— (ks + 1)r — Bsgn(es). (24)

The closed-loop system in (24) yields semi-global asymptotic
tracking of a desired knee-joint trajectory as described in the
following theorem.

Theorem 1: The controller designed in (22) yields
semi-global asymptotic tracking in the sense that

ler] > 0ast — oo

under any switching signal satisfying Property 1, provided the
control gain k,, introduced in (22) and (23), is selected suffi-
ciently large according to the initial conditions, and the control
gains a1, as, and 3 introduced in (8), (9), and (23) are selected
according to the following sufficient conditions:

1
> g, > 1 (25)

3> (CNd + QLQCNFJ)

where x,, and ¢ &, Were introduced in (21).
Proof: See the Appendix. [ |

(26)
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IV. EXPERIMENTS

Asynchronous and conventional stimulation were examined
during dynamic contractions to better understand the NMES-in-
duced fatigue characteristics of the stimulation protocols. For
both asynchronous and conventional stimulation, the control al-
gorithm in (22) and (23) was used to vary the pulsewidth in real
time while the current amplitude and stimulation frequency re-
mained constant.

A. Subjects

Four able-bodied individuals (male, aged 20-27) 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.

B. Apparatus

All testing was performed using an apparatus that consisted
of the following.

1) A current-controlled 8-channel stimulator (RehaStim, Ha-
somed 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 Fig. 2) 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 Technolo-
gies).

6) Electrodes (Axelgaard Manufacturing Co., Ltd.)2.

C. Stimulation Protocols

Two stimulation protocols were examined: 16 Hz asyn-
chronous 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 stim-
ulation frequency equivalent to C64. Conventional stimulation
consisted of a single stimulation channel with a pair of 3 in X 5
in 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 in x 3.5 in Valutrode) and
two electrodes placed proximally (2 in x 3.5 in 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 Fig. 4, and the method of interleaving the pulses
across the stimulation channels was as previously depicted for
asynchronous stimulation in Fig. 1.

D. Precautions

To prevent any layover effect of fatigue, each leg received
only one stimulation protocol per day. On the first day of ex-
periments, the two stimulation protocols (A16 and C64) were
randomly divided between the individual's left and right legs.

2Surface electrodes for the study were provided compliments of Axelgaard
Manufacturing Co., Ltd.
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Fig. 4. Electrode configurations utilized for conventional and asynchronous
stimulation. Pictured above is single-channel conventional stimulation on the in-
dividual's left leg and four-channel asynchronous stimulation on the individual's
right leg. Conventional stimulation 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 channels 2 and 4 share the
most lateral and proximal electrode.

While a minimum of 24 h of rest was required before the indi-
vidual completed the remaining protocol for each leg, additional
rest was allowed if the individual reported symptoms of muscle
fatigue.

E. 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° with
a period of 2 s. The root mean square (rms) position tracking
error was calculated in real time with a moving window of
2 s to assist the gain tuning process. After determining appro-
priate control gains in the pretrial tests, fatigue trials were sub-
sequently conducted on the same day. Since there is a finite
pulsewidth resolution for the stimulator (steps of 1 xs), the cur-
rent amplitude must be selected small enough so that there is a
sufficient range of pulsewidth values corresponding to the de-
sired range of motion. However, the current amplitude must also
be selected large enough so that the pulsewidth does not sat-
urate. 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 [23], [25],
[46]. 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.

3To 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 five out of the eight legs tested,
with minor gain variations in the remaining three legs.

4The desired trajectory was based on the comfortable range of motion.
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Fig. 5. Example tracking performance for conventional stimulation (left column) and asynchronous 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-s window. The dashed lines in Plot C indicate the baseline error and the threshold that determines when to terminate stimulation (3° 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°.
Note that the end time is not shown for asynchronous stimulation so that the two protocols can be visually compared 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.

F. Fatigue Trials

Fatigue trials were conducted where the pulsewidth was
adjusted according to the developed feedback control algorithm
in (22) and (23) to compare each stimulation protocol in terms
of its ability to maintain trajectory tracking. The baseline rms
tracking 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° above the baseline measurement.

G. Statistical Analysis

The difference between the SRTs for asynchronous and con-
ventional stimulation was calculated (i.e., paired data). A sign
test was performed at a significance level of @ = 0.05 to test
for statistically significant differences between the two proto-
cols. Similarly, a sign test was used to test for statistically sig-
nificant differences between the baseline rms errors. In addition
to the sign test, a 95% confidence interval was constructed for
the median difference between the SRTs of asynchronous and

5The 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 s after starting the trial, on average.

conventional stimulation to better quantify the relative perfor-
mance of the two protocols.

V. RESULTS

The SRTs for each fatigue trial are listed in Table I, and
the corresponding baseline rms errors are listed in Table II.
Asynchronous stimulation yielded a significantly longer SRT
than conventional stimulation (P — Value = 0.0078). Mean-
while, 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) sec-
onds. 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 Fig. 5.

For the left leg of Subject B, the electrodes for both asyn-
chronous 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 stimula-
tion 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
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TABLE 1
SUCCESSFUL RUN TIME (IN SECONDS)

Subject-Leg C64 Al6  Difference
A - Left 534 85.1 31.7
A - Right 37.3 76.3 389
B - Left 26.2 454 19.2
B - Right 21.3 64.7 433
C - Left 27.1 93.6 66.4
C - Right 20.9 66.6 45.7
D - Left 337 94.8 61.1
D - Right 340 1134 79.4
25th Percentile 22.6 65.1 335
Median 304 80.7 44.5*
75th Percentile  36.5 94.5 65.1

* SRT of asynchronous stimulation is significantly longer than that of
conventional stimulation

TABLE 11
BASELINE RMS ERROR (DEGREES)

Subject-Leg C64 Al6 Difference
A - Left 516  5.03 -0.13
A - Right 4.88 4.69 -0.19
B - Left 5.64 452 -1.12
B - Right 437 5.19 0.82
C - Left 478 471 -0.07
C - Right 5.69 5091 0.22
D - Left 4.82 488 0.07
D - Right 534 534 -0.00
25th Percentile 4.79 4.69 -0.18
Median 502 496 -0.04
75th Percentile 557 5.30 0.18

SRT of all asynchronous stimulation trials (see Table I) 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.

VI. DISCUSSION

Asynchronous stimulation has been previously shown to
have significant advantages over conventional stimulation
[21]-[34] in terms of reduced fatigue. However, studies
comparing asynchronous to conventional stimulation have
primarily focused on isometric contractions with fixed stim-
ulation parameters [21]-[25], [28]-[32], [34], 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 con-
ventional stimulation as a method to reduce fatigue in isometric
contractions [36], [37]. However, one study [36] 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. Furthermore, depending on the
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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, asynchronous stimulation was
reported to be more comfortable than sequential stimulation.
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 [26] and sequential stimulation [35] were shown to
reduce fatigue during FES cycling. Asynchronous stimulation
has also been shown to be beneficial for isotonic gripping [27].
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 [47]. 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 neuropros-
thesis. Similarly, Lau et al. studied standing in cats with both
asynchronous and conventional stimulation [33]. As expected,
the authors found that asynchronous resulted in less fatigue
than conventional stimulation. The authors also compared
open-loop and closed-loop control and found that the duration
of standing achieved with 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 ef al. implemented an iterative learning con-
troller for isometric force control in cats; however, no modeling
or stability analysis was included and the results were not
compared with conventional stimulation [48].

In the current result, a controller that enables limb trajectory
tracking was designed based on a constructive stability anal-
ysis (see the Appendix) 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 stim-
ulation can successfully extend the duration of successful limb
tracking compared to conventional stimulation in man. This
result is promising for various 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 move-
ments or activities of daily living. Although experiments were
conducted only in able-bodied individuals in the present study,
asynchronous stimulation has been previously shown to slow
the rate of fatigue (without feedback control) in individuals
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post-stroke [27] and in individuals with spinal cord injury
[23]-[25], [34]. 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 signifi-
cance of longer SRTs (and thus larger rehabilitative doses) in
disease/injury specific populations.

While the present results are promising, additional opportu-
nities exist for closed-loop asynchronous stimulation. For ex-
ample, since the muscle response to stimulation is different for
each stimulation channel, it may be beneficial to develop a con-
troller 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.
Additionally, low-frequency asynchronous stimulation can lead
to force ripple [46]. While the 16 Hz asynchronous stimulation
protocol utilized in the present study resulted in smooth traces
(see Fig. 5) and has been previously shown to induce equiva-
lent ripple to volitional contractions [46], future efforts could
focus on reducing force ripple for low-frequency asynchronous
stimulation either through independent gains or adaptive con-
trol laws. Adaptive controllers may also prove to be benefi-
cial 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 developing and/or implementing asynchronous stimulation
with closed-loop control for other activities such as standing or
cycling.

APPENDIX A
STABILITY ANALYSIS

Proof: Lety € D C R3"!, defined as

y 2 [T, VP|" 27)
where z was defined in (20) and P € R is the Filippov solution
to

P = —r[Ng— fBsgn(es)]

P(e2(0),0) = —e2(0)Na(0) + [e2(0)|8- (28)

Provided the gain condition for 5 in (26) is satisfied, P is guar-
anteed to satisfy P > 0 ([45, Lemma 1]).

Let V1 : D — R be a continuously differentiable function,
defined as

s 145 1
VLéE%+—€§+§JQTZ+P

5 29

which satisfies the following inequalities:

U <V, <0, (30)

1125

where Uy, Us € R are continuous, positive definite functions
defined as U; = A ||y[%, Us = X\2||y||?, where y was defined
in (27) and A\, A2 € R are positive constants.

The time derivative of (29) exists almost everywhere (a.e.)S,

i.e., for almost all ¢ € [0, oc), and 143 e V1 where

oA

T
1 1
T [ _1
K —P 2P 1 1
VL EEQVLg |:617€277',2 2, :| (3 )

where K] is defined in [49], and &V, is the generalized gra-

dient of V.. Since V7, is continuously differentiable with respect
to y, (31) can be rewritten as

V. cVVIEK {él, éa, 7, %P—%P, 1]T (32)
where
T
VvV £ |:2€1,62,7"JQ,2P%, %jﬂ""z] .
Substituting (7)—(9) and (24) into (32) yields
\L/L C 2e1(ea — ajer) + ea(r — ages) + %T‘J'QT‘
+r <—%j9r + Ng — ez> + K [P]
+r (N — (ks + 1)r — BK [sgn] (ez))
where K([sgn|(ez2) = 1ifey > 0, [-1,1] ifes = 0, and —1 if

ey < (. After substituting P from (28) and canceling common
terms, (33) can be rewritten and upper-bounded as

(33)

VL age —2a163 — el + 2leq||es]

+rN — (ks +1)r?  (34)
where the set in (33) reduces to the scalar inequality in (34) 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) — rfK|sgn](e2) # {0}.
After utilizing Young's Inequality and (19), the inequality in
(34) can be further upper-bounded as
VL age —(2a1 —1)e] — (ay — 1)é3
—(ks + 1)+ p(ll=Dl=ll]r]. - (35)

After completing the square, (35) can be expressed as
2
o p*(ll=1) 2
, < — A ——~
i (- 2D ey

LU 2 |2ty e D

(36)

where A £ min{2a;—1,a;—1,1}, ¢ € Risa positive constant,
and D is defined as

D2 {y e R | p(|lyl) < V4rk.}

6The 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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where p was introduced in (19). From the inequalities in
(30) and (36), VI, € L., and hence, e1,e2,7 € L. The
remaining signals in the closed-loop dynamics can be proven
to be bounded. Let D, C D be defined as

by
D,2yeD|p ,,/—A2||y|| < ANk, S . (37)
1

From (36), ([50, Corollary 1]) can be invoked to show that
cz|]* — 0ast — oo, Vy(0) € D.. Based on the definition
of z,e; — 0ast — oo, Vy(0) € D.. Note that the region of
attraction in (37) can be expanded arbitrarily by increasing k.
Provided that the gain conditions in (25) and (26) are satisfied,
the result of the stability analysis is independent of the designed
switching signals o satisfying Property 1, so that the asymp-
totic tracking result is satisfied where the only restriction on the
switching signal is that there be an arbitrarily short transition pe-
riod during which two stimulation channels are simultaneously
activated. [ |
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