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Closed-Loop Neuromuscular Electrical Stimulation Method Provides
Robustness to Unknown Time-Varying Input Delay in Muscle Dynamics

Serhat Obuz™, Victor H. Duenas™, Ryan J. Downey ", Justin R. Klotz

Abstract— Neuromuscular electrical stimulation (NMES) is
commonly used to rehabilitate people with motor impairment
(e.g., following stroke or spinal cord injury). Closed-loop NMES
holds the promise to facilitate coordinated limb motion, but
technical challenges remain. In particular, there is a potentially
destabilizing delay between the application of the electrical
stimulation and the ensuing muscle contraction, which changes
as muscle fatigues. In this brief, a closed-loop NMES method
is developed to yield lower limb tracking, despite an unknown
time-varying input delay, uncertain nonlinear limb dynamics, and
additive bounded disturbances. A novel filtered error signal is
designed using the past states in a finite integral over a constant
estimated delay interval. The control development is based on
an approach that uses Lyapunov-Krasovskii functionals in a
Lyapunov-based stability analysis to prove ultimately bounded
tracking. Experimental results in healthy individuals and partic-
ipants with neurological conditions are provided to demonstrate
the performance of the developed controller.

Index Terms—Delay systems, Lyapunov methods, neuromus-
cular electrical stimulation (NMES), nonlinear control systems,
robust control, uncertain systems, unknown time-varying input
delay.

I. INTRODUCTION

EUROMUSCULAR electrical stimulation (NMES)
Nevokes muscle contractions by applying an external
electrical stimulus. Challenges of closed-loop NMES control
are related to the unknown and nonlinear mapping from
electrical input to generated muscle force [1], muscle force
decay under a constant stimulation intensity because of
fatigue [2], uncertain parameters and unmodeled disturbances
in the dynamic model [3], and the delayed muscle response
to electrical stimulation [4]. Another challenge related to the
delayed muscle response, which is modeled as an input delay,
is that this delay is time-varying due to muscle fatigue [5], [6].

Closed-loop NMES [or functional electrical stimulation
(FES)] control has been applied in several applications [7].
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In [8], iterative learning control (ILC) with a model iden-
tification procedure was implemented with passive robotic
assistance for upper-limb tracking tasks with people with
multiple sclerosis. In [9] and [10], ILC was implemented
for foot trajectory tracking during the swing phase in the
gait using a drop foot neuroprosthesis. The delay in the
system dynamics is addressed by adding a time shift in the
controller developed in [9] and [10]. In [11], the quadriceps
and hamstrings were stimulated to reduce the torque contri-
bution of a powered exoskeleton during locomotion of three
paraplegics. The result in [11] concluded that the muscles
exhibited delays ranging from 75 to 200 ms; however, no delay
compensation was provided. In [12], a review examined recent
advances in closed-loop control and sensing techniques for
FES standing following spinal cord injury (SCI). However,
a prevalent challenge in muscle motion control is the time-
delayed muscle activation [13] that affects torque generation
potentially leading to a destabilizing effect in human motor
control tasks [6], [14]. Hence, there is a need for a closed-
loop NMES controller to track the desired limb motion that
is robust to the unknown time-varying input delay effects and
uncertain nonlinear muscle dynamics.

Input time-delayed systems and the associated stability
analysis have been extensively studied in recent years [15].
In particular, various results (see [16]-[33]) have developed
controllers for nonlinear systems with an input time delay.
In results such as those in [16]-[19], it is assumed that the
input time-delay is known with exact model knowledge of
the nonlinear dynamics. Results such as those in [20]-[25]
focus on the development of non-model-based controllers for
an uncertain nonlinear system with a known input delay.
Since measurement of the input delay can be problematic
in many practical engineering applications, results such as
those in [26]-[33] are available for nonlinear systems with
an unknown input delay. However, results such as those
in [26]-[30] explicitly rely on the exact model knowledge of
the nonlinear systems. As an alternative, robust control meth-
ods are developed in [31]-[33] for general uncertain nonlinear
systems (not specific to NMES/FES). In [31], the control
development assumes that the input delay is constant and
uncertain. The controller in [32] is designed for uncertain
nonlinear systems based on the assumption that the input delay
is unknown and slowly varying.

Recently, NMES controllers have considered the delayed
response of muscle [34]-[42]. The results in [34] and
[35] ensure uniformly ultimately bounded tracking despite
uncertain dynamics with additive disturbances, but the input
delay is assumed to be known and constant. Although the
stability analysis of the controller designed in [35] requires
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exact knowledge of the input delay, the experimental studies
demonstrate that the controller is robust to some uncertainty
in the delay. In [36], a controller is designed to switch
between the stimulations of the agonist and antagonist muscles
instead of stimulating only agonist muscles to reduce tracking
error. The proposed controller in [37] considers the activation
dynamics as a means to improve position tracking. However,
the control development proposed in [36] and [37] assumes
exact knowledge of a constant input delay. Motivated by the
desire to provide robustness to uncertainty in the delayed
force production of electrically stimulated muscle, a global
asymptotic tracking controller was developed in [38] under
the assumptions of the exact model knowledge of the lower
limb dynamics and an unknown constant delay. The controller
in [39] compensates for known time-varying input delay
disturbances while tracking a reference force during isometric
NMES. The controller in [40] assumes a known time-varying
input delay in the control structure to compensate for the
input delay effects in the closed-loop dynamics to track a
reference position in NMES. The model-free controllers in
[39] and [40] assume the exact knowledge of the input delay
is available. The controller in [41] is designed to compensate
for an unknown time-varying input delay and disturbances for
force tracking in isometric NMES. The result in [42] ensures
uniformly ultimately bounded position tracking for NMES for
an unknown time-varying input delay; however, it assumes that
the time-varying delay rate is less than 1. As an alternative,
a controller is developed in [33] for uncertain Euler—Lagrange
dynamics to compensate for an unknown time-varying input
delay; in addition, the controller does not require the knowl-
edge of the delay rate and relaxes the assumption on the delay
rate in [42].

This brief builds on our precursory results in [33] and [42]
by adding an integral feedback of the error signal to increase
the tracking performance and robustness of the controller with
respect to parametric uncertainty, unmodeled disturbances,
and effects of the unknown time-varying input delay. The
newly designed delay-compensating controller provides an
exponential decay rate of the tracking error to an ultimate
bound. Experimental results obtained from ten able-bodied
individuals and three participants with neurological conditions
(NCs) illustrate the performance of the controller, beyond
the modified stability analysis. The key contributions of the
controller include compensating for an unknown time-varying
input delay, rather than assuming that the delay is constant and
known [34], [35] and compensating for the uncertain nonlinear
limb dynamics by using the past states of the controller
in a finite integral over an estimated delay interval in the
control structure. Another contribution is that the maximum
allowable mismatch between the actual input delay and the
estimated input delay is obtained to guarantee tracking. Since
the approximate interval of the time-varying input delay can
be experimentally obtained for NMES [39], the estimated
delay can be selected to minimize the mismatch between the
actual input delay and the estimated input delay. A Lyapunov-
based stability analysis is used to prove uniformly ultimately
bounded tracking.
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II. KNEE JOINT DYNAMICS

The single degree-of-freedom musculoskeletal knee-joint
dynamics are modeled as [43]

M(q,q)g + f(g,q)+d(t) =u(t —t(t)) (D

where ¢, ¢, ¢ € R symbolize the angular position,
velocity, and acceleration of the shank about the knee-joint,
respectively. In (1), M : R x R — R and is defined as
M 2 (J/QE7), where J € R is an uncertain positive constant
denoting the inertia of the shank and the foot, Q : [#9, c0) — R
denotes an unknown positive time-varying function exhibiting
skeletal muscle fatigue and potentiation, ¢ : R x R — R
is a sufficiently smooth, unknown nonlinear function that
depends on the knee-joint angle and angular velocity [43],
which is bounded and positive, provided the muscle is not
fully stretched or contracting concentrically at its maximum
shortening velocity [44], ¢ : R — R is a positive moment
arm that changes with the extension and flexion of the leg
[45], [46]. Also in (1), the nonlinear function f : RxR — R
and is defined as f 2 (1/Q&0)(kiexp(—kaq)(qg —
k3) + mglsin(q) — Bjtanh(—B2g) + B3qg), where
ki, ka, k3, m, g, I, By, Ba, B3 € R are uncertain positive
constants, where m is the combined mass of the shank and
the foot, g is the gravitational acceleration, and [/ is the
distance between the knee-joint and the lumped center of
the mass of the shank and the foot, ki exp(—ka2q)(q — k3)
denotes the elastic effects, mgl sin(q) denotes the effects due
to gravity, and Bjtanh(—B)q§) symbolizes the viscous and
B3g denotes the damping effects [43], [47]. The dynamics in
(1) also include a sufficiently smooth unknown time-varying
exogenous disturbance (e.g., unmodeled dynamics) defined
as d : [tp,00) — R, where 7y € R is the initial time. The
delayed voltage potential across the quadriceps muscle in
(1) is denoted by u(t — 7) € R, where 7 : [fg,o0) — R
denotes the electromechanical delay, which is the delay
between the application of voltage and the onset of muscle
force production, which results in torque produced about the
knee-joint [47], [48]. Throughout this brief, delayed functions
are symbolized as

b o ht—1) t—1>1
"o t—1 <t

where ¢ € R is the time. The subsequent control development
and stability analysis exploits the following assumptions.

Assumption 1: The moment arm ¢ and the functions &, Q
are assumed to be positive and bounded along their first
and second time derivatives [45], [46], [49], [50]. Therefore,
the function M in (1) can be bounded as m < |M(q,q)| <m
for all ¢g,q € R, where m,m € R are known positive
constants. Furthermore, the function f and its first partial
derivative are bounded, since ¢, &, Q € c? (i.e., twice
continuously differentiable).

Assumption 2: The nonlinear additive disturbance and its
first and second time derivatives exist and are bounded by
known positive constants [51].
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Assumption 3: The reference trajectory ¢, € R is designed
such that g,, ¢r, ¢, exist and are bounded by known positive
constants.

Assumption 4: The mismatch between the actual input
delay 7(r) and the constant estimated input delay 7 € R is
bounded by a known constant 7 € R such that sup|z — 7| < 7.

Furthermore, it is assumed that the system 1;16]%1) does not
escape to infinity during the time interval [f9, fp + 7], where
7 € R is a known positive constant defined as an upper bound
of the input delay.

III. CONTROL DEVELOPMENT

The objective is to design a controller that enables the knee-
joint angle ¢(¢) to track a given reference trajectory g¢,(t)
despite an unknown time-varying input delay and uncertainties
in the dynamic model subjected to additive bounded distur-
bances. To facilitate the subsequent analysis, a measurable
auxiliary tracking error, denoted by ej€ R, is defined as!

t
e 2 / (4:0) — q(6))d6. P

To facilitate the subsequent analysis, an auxiliary tracking
error, denoted by e; € R, is defined as

er 2 e + aep 3)

where a € R is a positive, constant control gain. To facilitate
the subsequent analysis, a measurable auxiliary tracking error,
denoted by r € R, is defined as

r£é+ fer+ ney 4)

where £, € R are known, positive, constant control gains.
To incorporate a delay-free input term in the closed-loop error
system, an auxiliary error signal, denoted by ¢, € R, is defined
as

t
ey & — / u(6)do. 3)
t—17
By multiplying the time derivative of (4) by M and using (1)—
(3) and (5), the open-loop dynamics for r can be obtained
as

— M(q, §)a*ér +uz — us
+M(q,q)n — Duz — M(q, ¢)nu. (6)

Based on (6) and the subsequent stability analysis, a continu-
ous controller is designed as

u = ker (7

where k. € R is a positive, constant control gain. Substituting
(7) into (6), and then segregating the resulting expression into
terms that can be upper bounded by a constant and terms that
can be upper bounded by a state-dependent function yields

. ~ 1. ..
M(q,q)7 = N + N, — EM(C],%Q)’”—‘Q"‘”? — U
+(M(q,q)n — Dker; — M(q, g)nker — (8)

IThe control objective can be quantified in terms of the first time derivative
of eq.
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where the auxiliary terms N , N, € R are defined as

N £ (M(q.4) — M(qr.4))ir + £(q.9) — f(@rdr)
+M(C], Q)(a +ﬁ)62 - M(q’ q)a2e1

1. .
+§M(q,5]>5I)r+e2 (9)
Ny 2 d+ Mgy, a)ir + f(qr, r)- (10)

The auxiliary term N, in (10) is upper bounded by a known
constant based on Assumptions 1-3 as

sup [N;| < @
eR

(1)

where ® € R is a known positive constant, and from
Assumption 1, an upper bound for (9) can be developed as

INT < pllzD)lizl 12)

where p is a positive, radially unbounded, and strictly increas-
ing function, and z € R* is a vector of error signals defined as
72 [e1 exr e, ]T. Based on (8) and the subsequent stability
analysis, let the functions Q1, Q2 : R — R be defined as

13)

t
01 wlkc81/ Alr(<9)|2d<9
t—7

kC t t
0,2 / / \(0)2d0ds
T t—7Js

and let y € R® be defined as y 2 [z,/01,v/0>17. Let
2 C R be an open and connected set restricted by ||z(e)| <
y, Ve € [fy, t], and the set of initial conditions S C 2 is
defined as

g@é[y e RO |1yl <\/%iﬂf[f1 ((\/@ oo))”

5)

(1>

(14)

where A, £ min{(1/2), m/2), (w1/2)} and 1, £
max{1, (m/2), (w1 /2)}.> The following theorem is included
to indicate the conditions for which uniformly ultimately
bounded limb tracking is obtained.

IV. STABILITY ANALYSIS

To facilitate the subsequent stability analysis, several terms
are introduced. Specifically, auxiliary bounding positive con-
stants o , 0 € R are defined as

1 1 2\ 1
aémin{(a—z),(ﬂ—i—%)gmr]km

[05)) w1k 1
— — 16
(3f2kc (81 +282))] (16)
somnlZ 22 1 (17)
2 3twier 37

where w1, wz,€1,e2 € R are known, adjustable, positive
constants.

2For Set A, the inverse image p_l(A) is defined as p_l(A) £

{a|pla) € A}
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Theorem 1: Given the dynamics in (1), the controller given Using Young’s Inequality, the following inequalities can be

in (7) ensures uniformly ultimately bounded tracking in the
sense that

lgr — ql < Toexp(=T1(t —19)) + I

where Top 2 (1 + a)QV(9) — @l2v/o)Y2, T 2
—(0/222), and To 2 (1 + a)2A0/9)'? with o £
((9O®?/4mn) + 7Y% /k.) and Y € R is a positive constant®
provided y(fo) € Sg and the control gains are selected
sufficiently large relative to the initial conditions of the system
such that the following sufficient conditions are satisfied*

1 1
1 >M
2
3 2w1k 1
2
8'::”7 860181 dan -
7.

19)

Mn—1) < g0, >

kg

Proof: LetV : 2 — R be a Lyapunov function candidate
defined as

“Mr°+ —e, + 01+ 02. (20)

12
—€2+2 )

1
Yy & e
el+2

2

The Lyapunov function candidate (20) can be bounded as

AllyI? V) < 22yl 21

Using (2)—(5) and (8), and by applying the Leibniz rule for
(13)—(14), the time derivative of (20) can be determined as
V =ei(es — aer) + ex(r — fer — ney)
1. - 1.
+ EMr2 +r (N + N, — EMr —ex— Mr]kcr)
+r((My — Dkery 4+ (uz —uy))
+orey(kery — ker) +orkeer (r> = r3)

k t
+ @2 (Tr2 —/ r (9)2 d@) .
T t—7

Using (11) and (12) and canceling common terms in (22),
an upper bound for (22) can be obtained as

(22)

V < leresl — aed — ped + nlesenl +Irl p (I2l) Iz
+ 1P| ® — Muker® + kegion lrre| + ke Ir (rz = 7o)
+wrke (learz] + leur]) Haorkesr) (r* — rrz)

b2 [ 62d9).
(rr /7fr()

3Provided lz(e)|l <y, Ve € [19, t] and using (7) and (8), it can be concluded
that 7 < Y, where y € R is a positive constant.

4From Assumption 1, &1 and w; can be selected sufficiently large such that
(Mn—1) <e0).

(23)

n szkC

obtained

1 2 1 2

lerez] < Eel + 562 (24)
1 &

lesen| < 282’753,3 n 7’765 (25)
1 1

|wﬂ55ﬂ+5§ (26)
1 &1

|@m%<%15+3§ 27)
1 &1 2

leyr| < 28 + 3 (28)

After completing the squares for r and substituting (7)
and (24)—(28) into (23), the following upper bound can be
obtained:

: 1 e’ 1
VS_((Z_E) (,B———Tn)e%—gmnkcrz

C()lk 1 2 9 2 2 2
_ —®
+( o +282) +4m’7kcp (lzID Nzl +4mnkc
2m
— ke (?}7 —2wi¢] _w2)r2+kc|r(rf — 1)
C()zkc 2
= r(0)-de. (29)
-7

The Cauchy—Schwarz inequality is used to develop an upper
bound for e2 such that e2 < 7 [  .u(0)’d0. In addi-
tion, an upper bound for @, can be obtained as O, <
wzkc j;t . r(0)%d6. Using these developed upper bounds for
u, 01, Q> , the following upper bound can be developed:

) w1k 1 2 (£25)
(3f2kc ( £ + 282)) Cu 3twie]
9
er+———pmmﬂmF + @7
7 dmnk.

kel (rs — 1) — ke (T” —wel — m) (30)

Based on the definition of ¢ in (16), the gain conditions in
(19), the inequality |y|| > |/z||, and the mean value theorem
lr; —re| < |F (O, 7))||7], where O(¢, T) is a point between
t — 7 and ¢t — 7. Completing the squares for r, the following
upper bound can be obtained:

v<—(i——3—pmm0mw

2
> T Ik = lzll

902 F|HO(t, 1))
dmnk. ke
Provided y € & and then by using the definition of ¢ in (17),
the inequality in (31) can be expressed as

Q1 02

3‘?60181 3‘LA'.

€19

+

V< -dlyl*+o (32)

which after using (21) and (22) can be solved to yield

V() < (V(to) — /127”) exp (—/%(t — to)) + /127” (33)
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TABLE I
DEMOGRAPHICS OF PARTICIPANTS WITH AN NC

Participant ~Age  Sex Injury Months Since Injury
A 63 M PD 233
B 25 M SB L5-S1 Since Birth
C 33 F SCI (T12) 51

Using (20) and (33), e, ea2,7, e, can be upper bounded by
exponential terms. Likewise, the exponential bound in (18) can
be developed provided y(fg) € S¢. Since ey, €2, r, e, € Lo,
from (7), u € L and the remaining signals are bounded. H

V. EXPERIMENTS

The performance of the controller in (7) was examined
through a series of experiments with healthy individuals
and participants with NCs. Surface electrical stimulation was
applied to the quadriceps muscle group to elicit contractions
during knee-joint angle tracking trials. For all trials, the control
algorithm in (7) was used to vary the current amplitude in real
time, while the pulsewidth (PW) and stimulation frequency
were set to constant values.

A. Participants

Ten able-bodied individuals (nine male, one female, aged
21-31, labeled S1-S10) participated in the experiments. Par-
ticipants with NCs (two male, one female, labeled A-C)
were recruited through the UF Health Integrated Data Repos-
itory (UF Consent2Share project) and completed the NMES
protocol at the University of Florida. Demographics of the
participants with NCs are listed in Table I. The participants
with NCs were medically stable, met the inclusion criteria, and
self-reported their motor function and mobility status. Prior to
participation, written informed consent was obtained from all
participants, as approved by the institutional review board at
the University of Florida. The able-bodied participants were
instructed to avoid voluntarily contributing to the leg extension
task (i.e., to remain passive). The able-bodied individuals were
not informed of nor could see the outcomes of the tracking
objective of the NMES protocol. The participants with NCs
were informed of the objective of the leg extension task, but no
feedback regarding their performance was provided during the
experiments (i.e., none of the study participants were shown
the desired or actual trajectories of the leg extension task).
Participant A is a participant with Parkinson’s disease (PD),
Modified Hoehn & Yahr Stage 3) and presented tremor in
his lower and upper extremities. Participant B is a participant
with Spina Bifida (SB) (level L5-S1) and Arnold Chiari
malformation. Participant B uses a wheelchair part-time for
mobility and a walker for ambulation at home. Participant C
is a participant with SCI (lesion level T12). Participant C uses
a wheelchair part-time for long-distance mobility and canes
for short-distance ambulation.

B. Methods

The experimental testbed, shown in Fig. 1, consists of
the following: 1) a modified leg extension machine equipped

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 28, NO. 6, NOVEMBER 2020

Fig. 1. Modified leg extension machine was fit with optical encoders to
measure the knee-joint angle g.

with orthotic boots to fix the ankle and securely fasten the
shank and the foot; 2) optical encoders (BEI Technologies) to
measure the leg angle; 3) a current-controlled eight-channel
stimulator (RehaStim, Hasomed GmbH); 4) a data acquisition
board (Quanser QPIDe); 5) a desktop computer running MAT-
LAB/Simulink 2015b with a sampling frequency of 1 kHz;
and 6) a pair of 3" by 5" Valutrode surface electrodes placed
proximally and distally over the quadriceps muscle group.’
During the experiments, electrical pulses were delivered at
a constant stimulation frequency of 35 Hz and the PW was
fixed to a constant value that depended on the individual.®
The control gains were adjusted during pretrial tests to achieve
trajectory tracking where the desired angular trajectory of the
knee joint was selected as a sinusoid with a range of 5° to
50° and a period of 2 s. The constant estimate of the time-
varying delay was selected as 7 € [0.085,0.12] s based on
the results reported in previous NMES studies [6], [34], [39].
A pretrial test was conducted for each participant to acclimate
him/her to the stimulation sensation and determine suitable
control gains to optimize performance during the leg extension
task. The tracking trial was executed for one of the lower
limbs for a testing duration of between 45 and 50 s. The
control performance was evaluated by calculating the root-
mean-square (rms) tracking error over the entire trial. The
experiment duration ranged between 45 and 60 s. Then, the
process was repeated for the other lower limb starting with
the pretrial tests.” The control gains introduced in (3), (4),

SSurface electrodes for the study were provided compliments of Axelgaard
Manufacturing Co., Ltd.

SDifferent responses to stimulation were obtained when testing across
participants (i.e., a greater or weaker muscle force was produced for a nominal
stimulation intensity). Although the main gain k. can be decreased/increased
to compensate for stronger/weaker responses, the stimulator has a finite res-
olution. Therefore, the constant value of PW was either reduced or increased
so that the resulting control input would be within an acceptable range. PW
values for each individual are given in Table II. In addition, other factors were
considered for modifying the PW, such as tracking accuracy and stimulation
sensitivity of the healthy individuals and participants with NCs.

TFor Participant C, tracking results were obtained only for the right-hand-
side leg, because the left leg was too sensitive to stimulation to execute the
experiment.
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TABLE II

TRACKING RESULTS FOR HEALTHY INDIVIDUALS AND PARTICIPANTS
WITH NCS QUANTIFIED BY THE rms ERROR (DEGREES). THE
ESTIMATE OF DELAY AND SELECTED PW ARE ALSO LISTED
FOR EACH PARTICIPANT

Participant Leg RMS Error (deg.) 7(ms) PW(us)
st R 3.31 35 200
L 4.38 85 200
S2 R 3.37 95 400
L 3.54 95 400
3 R 3.69 100 400
L 3.24 100 300
S4 R 4.15 100 200
L 4.35 100 200
S5 R 3.46 95 200
L 4.10 95 200
6 R 4.58 100 500
L 4.37 100 500
$7 R 3.52 95 200
L 3.84 95 200
S8 R 3.22 95 200
L 4.08 95 200
S9 R 4.16 95 200
L 3.94 95 200
R 4.15 100 300
S10 L 3.50 100 300
Average (S1-S10) 3.85 + 043 96 £ 5 -
A R 6.54 95 300
L 7.31 100 300
B R 4.37 90 200
L 5.21 100 200
C R 5.46 100 350
Average (A-C) 5.78 + 1.15 97 + 447 -
Combined Mean 4.23 + 0.99 96 + 4.40 -

and (7) were selected for the healthy participants as follows:
o €[0.5,2], p €[5,15], n € [0.45,0.5], and k. € [11, 35].

C. Results

The leg extension tasks were successfully completed by
all the enrolled participants. Table II presents the mean rms
error, the selected delay estimate 7, and the PW used for each
participant. Fig. 2 shows the tracking performance and the
control inputs during a complete dynamic tracking trial for
Participants S1 and A. Fig. 3 shows the tracking performance
and the control inputs for Participants B and C.

VI. DISCUSSION

The experimental results demonstrate the feasibility of the
controller in (7) to track a desired knee-joint reference trajec-
tory via NMES of the quadriceps muscle group. The mean
rms position error is 4.23° 4+ 0.99 across the able-bodied
individuals and participants with NCs. The tracking error
remained bounded through the duration of the experiments
despite the presence of muscle fatigue and norm-bounded dis-
turbances. Figs. 2-3 contrast the tracking differences between
an able-bodied individual and the three participants with NCs.
Fig. 2(c) shows the rms error for Participants S1 and A.
As a result of muscle fatigue, the tracking performance of
Participant A degrades over time resulting in larger stimulation
amplitudes than the healthy individual. Fig. 3 shows similar
tracking performance between Participants B and C after 10 s
from the onset of the experiment. The transient response of
Participant C showed the largest error during the first 10 s of
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Fig. 2. Tracking performance and control inputs for Participants S1 and A
(right-hand-side leg tracking). (a) Desired trajectory ¢, (red line) and actual
leg angle for Participants S1 (blue line) and A (black line) during the first 25 s
of the experiment. (b) Angle tracking error for both the participants. (c¢) RMS
tracking error for both the participants using a time window interval of 1.2 s.
(d) Stimulation current amplitude for both the participants.
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Fig. 3. Tracking performance and control inputs for Participants B and C

(right-hand-side leg tracking). (a) Desired trajectory g, (red line) and actual
leg angle for Participants B (blue line) and C (black line) during the first 25 s
of the experiment. (b) Angle tracking error for both the participants. (¢) RMS
tracking error for both participants using a time window interval of 1.2 s.
(d) Stimulation current amplitude for both participants.

the experiment indicating a slower muscle response to stim-
ulation than other participants. Hence, Participant C required
consistently larger stimulation amplitudes than Participant B,
as shown in Fig. 3(d), to achieve the tracking objective.
Nevertheless, the tracking performance of Participant C in the
steady state is similar to Participant B [see Fig. 3(c)]. Despite
the fact that the controller in (7) used a constant estimate of
the input delay (see Table II for the estimate values chosen
for each participant), the experimental results show robustness
to the unknown delay. The time delay estimates used for the
experiments agree with values described in the literature for
NMES isometric torque tracking [39].

The tracking results of the present work are similar to the
ones obtained in [34], where a mean rms error of 3.91° was
reported for five able-bodied participants tracking a periodic
reference. More recent results in [35] reported improved
tracking performance of a periodic reference by adding an
integral control term to the previous developed controller
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in [34] with a mean rms error of 2.73° for four healthy
test individuals. However, the results in [34] and [35] were
obtained using a predictor-based approach with the assumption
that the time delay was known and constant (i.e., the time delay
was measured in experiments) for shorter experiment durations
compared with the results presented in this brief. Further,
the controller designed in this brief does not require an exact
model knowledge of the neuromuscular system, the estimation
of the muscle torque effectiveness, and the implementation
of an online algorithm to compute the input delay compared
with [39].

Additional challenges were evident in the experiments with
participants with NCs. Participant C (participant with SCI)
required high stimulation intensities throughout the entire
experiment, as shown in Fig. 3 due to the lack of muscle
strength and mass. During experiments with Participant A,
tremors due to PD along with muscle fatigue show factors
that resulted in suboptimal tracking compared with the results
obtained from healthy individuals and Participants B and C.
Nevertheless, the designed controller was able to modify the
stimulation amplitude to allow the participants to complete the
tracking task.

Future work will seek to incorporate a time-varying esti-
mate of the input delay to the control structure. In addition,
the extension of the current control framework to multi-
muscle coordinate tasks such as cycling or the activation of
antagonistic muscles as in [36] is the focus of future research
efforts.

VII. CONCLUSION

A delay-compensating controller for NMES was designed
to provide limb tracking for uncertain lower limb dynamics
subject to bounded unknown additive disturbances with an
unknown time-varying input delay. An auxiliary tracking error
signal was designed to inject a delay-free control signal in
the closed-loop dynamics without measuring the time-varying
input delay. Lyapunov—Krasovskii functionals are used in
the Lyapunov-based stability analysis to provide uniformly
ultimate bounded lower limb tracking. Experiments were
conducted in healthy individuals and participants with NCs
to validate the efficacy of the developed control methods.
Future efforts could extend this research by using an esti-
mated time-varying delay in the control design instead of
using a constant estimated delay to achieve more precise
tracking of reference limb movement. While this brief provides
new insights into compensating for the unknown-time-varying
nature of the delay, additional methods could also be pursued
in a production FES system to mitigate or compensate for
the delay. For example, depending on the therapeutic goal,
some desired trajectories could include brief pauses that inject
isometric contractions that allow the delay to be measured in
real-time and used in the control design. Different modulation
strategies could also be pursued to implement the controller.
For example, lower frequency stimulation reduces the onset
of fatigue, which is linked to increased delay. The desire for
lower frequency stimulation and reduced fatigue is the motiva-
tion for asynchronous stimulation strategies [52], [53]. Along

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 28, NO. 6, NOVEMBER 2020

these lines, pulse amplitude and PW could be simultaneously
adjusted rather than fixing the PW and adjusting the amplitude
as in this brief. This approach has been shown to reduce
fatigue [54]. Moreover, since the mathematical model assumes
the relationship between stimulation intensity and muscle force
is unknown and time-varying, the control design need not be
altered if the user wishes to simultaneously modulate pulse
amplitude and PW.
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