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ABSTRACT

A robust, adaptive proportional-integral-derivative (PID) control strategy is presented for controlling ankle
movement using a functional electrical stimulation (FES) neuroprosthesis. The presented control strategy
leverages the structurally simple PID controller. Moreover, the proposed PID controller automatically tunes
its gains without requiring prior knowledge of the musculoskeletal system. Thus, in contrast to previously
proposed control strategies for FES, the proposed controller does not necessitate time-consuming model
identification for each patient. Additionally, the computational cost of the controller is minimized by linking
the PID gains and updating only the common gain. As a result, a model-free, structurally simple, and
computationally inexpensive controller is achieved, making it suitable for wearable FES-based neuroprostheses.
A Lyapunov stability analysis proves uniformly ultimately bounded (UUB) tracking of the joint angle. Results
from the simulated and experimental trials indicate that the proposed PID controller demonstrates high tracking
accuracy and fast convergence.

1. Introduction

Stroke is one of the leading causes of mortality and disability
worldwide, with more than 13 million first-time incidents occurring
annually (Johnson et al., 2019). Drop-foot manifests in approximately 2
million stroke survivors each year (Johnson, Burridge, Strike, Wood, &
Swain, 2004). In addition to stroke, multiple sclerosis (MS), cerebral
palsy, spinal cord injury, and traumatic brain injury can also lead
to drop-foot (Melo, Silva, Martins, & Newman, 2015). Drop-foot is
the paralysis or weakness of the dorsiflexor muscles, which prevents
patients from lifting their toes off the ground during the swing phase
of gait. Individuals affected by drop-foot often adopt steppage gait or
hip hiking as compensatory mechanisms (Btazkiewicz, Wiszomirska,
Kaczmarczyk, Brzuszkiewicz-Kuzmicka, & Wit, 2017; Don et al., 2007).

Functional electrical stimulation (FES) is a technique that restores
motor function in individuals with central nervous system disorders. In
this technique, short electrical pulses are used to generate contractions
in paralyzed muscles. These contractions generate torque around the
joint associated with the stimulated muscles. The joint’s angle can be
controlled by modulating the intensity of the electrical stimulation. To
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actuate the joint in opposite directions, stimulation should be applied
to both the flexor and extensor muscles (Lynch & Popovic, 2008).
Therefore, applying electrical stimulation to the common peroneal
nerve, which innervates the tibialis anterior muscle, can correct drop-
foot (Lyons, Sinkjeer, Burridge, & Wilcox, 2002). Studies conducted to
determine the effectiveness of FES for drop-foot treatment have shown
that FES increases walking speed, reduces the effort required for walk-
ing and the incidence of falls, and improves quality of life (Barrett &
Taylor, 2010; Esnouf, Taylor, Mann, & Barrett, 2010; Roche, Laighin, &
Coote, 2009). Furthermore, FES is a long-term, cost-effective treatment
for drop-foot (Taylor, Humphreys, & Swain, 2013).

In voluntary contractions, motor units are recruited in order from
smallest to largest (Henneman, Somjen, & Carpenter, 1965). However,
during transcutaneous electrical stimulation, the recruitment order of
motor units is reversed (Feiereisen, Duchateau, & Hainaut, 1997). Thus,
in voluntary contraction, slow-twitch, high fatigue-resistant muscle
fibers are activated first, whereas during FES, fast-twitch, low fatigue-
resistant muscle fibers are activated first (Radak, 2018). Consequently,
FES-induced contractions lead to the rapid onset of muscle fatigue.
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After the onset of muscle fatigue, the muscle progressively loses its
ability to generate force (Lynch & Popovic, 2008).

All commercially available FES systems for correcting drop-foot
use open-loop controllers. In these systems, a trapezoidal envelope is
used to adjust the intensity of electrical stimulation during the swing
phase of gait. While the trapezoidal envelope guarantees sufficient
dorsiflexion during the swing phase, it applies a higher stimulation
intensity than required. The inefficiency of the open-loop controller
accelerates the onset of muscle fatigue (Melo et al., 2015). In contrast,
a closed-loop control system can delay the onset of fatigue by applying
just enough stimulation intensity for dorsiflexion during the swing
phase.

Over the past two decades, various closed-loop control strategies
have been proposed for FES. Sliding mode control (SMC) was used
to compensate for uncertainties in the musculoskeletal system, with
the nonlinear dynamics modeled by a fuzzy logic system to suppress
SMC chattering (Kobravi & Erfanian, 2009). Nonlinear model predictive
control (NMPC) was applied to minimize stimulation intensity in two
studies (Benoussaad, Mombaur, & Azevedo-Coste, 2013; Kirsch, Alibeji,
& Sharma, 2017). Iterative learning control (ILC) was employed to
compensate for the time-varying response of muscles to FES (Seel,
Werner, Raisch, & Schauer, 2016). Another study suggested the use
of repetitive control (RC) to track the cyclic ankle trajectory during
gait (Page & Freeman, 2020). While these controllers achieved their
design objectives, they all required model identification. Since the
dynamics of the musculoskeletal system are time-varying, model identi-
fication must be repeated each time a patient uses the neuroprosthesis.
The setup time of model-based controllers discourages patients from
using the neuroprosthesis.

In a study by Wang, Sharma, Johnson, Gregory, and Dixon (2013),
an adaptive inverse optimal controller (IOC) was developed to offer
a trade-off between tracking performance and stimulation intensity.
The optimal controller was achieved by combining a proportional—
derivative (PD) controller with a feedforward neural network (NN). The
NN compensated for uncertainties by learning the system dynamics,
allowing the proposed controller to bypass the model identification
process. However, NN-based controllers required significant compu-
tational resources, which shortened the battery life of the wearable
neuroprosthesis. In a study by Paz, Oliveira, Pino, and Fontana (2019),
an adaptive proportional-integral-derivative (PID) controller was pro-
posed. Extremum seeking control (ESC) was employed to update the
PID gains in real-time. However, this approach required manual gain
correction to maintain stability, which negatively impacted tracking
performance and lacked analytical stability guarantees. Moreover, ex-
perimental results showed extremely high fluctuations in the joint angle
during the first three cycles (Oliveira, Costa, & Pino, 2016). Hence, the
automatic tuning of PID parameters using ESC raised safety concerns.
In Oliveira et al. (2017), a combination of SMC and proportional—
integral (PI) control was proposed, but despite its integral action, it
exhibited significant chattering. While the tuning procedure was simpli-
fied, gain optimization still required consideration of both uncertainty
bounds and the desired trajectory.

Recent research has explored advanced optimization techniques
for tuning PID controllers in FES systems. A study by Ekinci, Izci,
Al Nasar, Abu Zitar, and Abualigah (2022) proposed the logarithmic
spiral arithmetic optimization algorithm (AOA), while Izci, Ekinci, Eker
and Abualigah (2022) introduced a modified opposition-based learn-
ing AOA to improve PID tuning. Additionally, Izci, Ekinci, Eker and
Demirdren (2022) developed a multi-strategy-based weighted mean of
vectors algorithm, which was used to design a PID-F controller (PID
with a filter for noise reduction). Similarly, Izci, Ekinci, Eker, and
Demirdren (2023) presented a multi-criteria-based weighted mean of
vectors algorithm for enhanced PID tuning. These studies highlight
the ongoing interest in developing optimal methods for PID-based FES
control.
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A dynamic surface controller with delay compensation (DSC-DC),
incorporating both ultrasound and kinematic feedback, was proposed
by Zhang, Lambeth, Iyer, Sun, and Sharma (2022). This approach im-
proved trajectory tracking and disturbance rejection compared to tra-
ditional controllers that used only kinematic feedback. Both Singh and
Sharma (2023) and Hodgins and Freeman (2023) explored Model Pre-
dictive Control (MPC) schemes for drop foot correction using FES. Singh
and Sharma (2023) leveraged a Koopman operator-based framework
for system identification, while Hodgins and Freeman (2023) combined
FES with pneumatic artificial muscles (PAMs) to reduce fatigue and
employed a hybrid MPC controller to optimize gait cycle tracking, mini-
mize fatigue, and manage pressure demands. Although both approaches
demonstrated promising results, they relied on computationally inten-
sive model identification and real-time optimization, which limited
their practicality for diverse patients. In Jung, Huo, Moon, Amirat, and
Mohammed (2021), a hybrid AAFO-FES system (where AAFO stands
for actuated ankle-foot orthosis) was employed for foot drop assistance,
incorporating a gait-phase-based control strategy for optimized support.
While this approach improved ankle trajectory tracking and reduced
stimulation intensity, it did not explicitly address stability and relied
on anthropometric data for parameter tuning.

In this paper, a robust adaptive PID control method is presented.
The controller is designed for a nonlinear musculoskeletal system based
on the concept of a core function (CF) (Song, Huang, & Wen, 2015). The
core function contains deep-rooted information about the system but is
independent of its parameters. Using the core function, uncertainties in
the system are compensated without requiring linearization or system
modeling. Thus, the CF-based PID controller does not need a model
identification process prior to each use. Additionally, by linking the PID
gains and carefully selecting a Lyapunov function, a computationally
efficient control strategy is achieved. Furthermore, the CF-based PID
controller adapts to the time-varying response of muscles to FES-
induced fatigue through self-tuning. The main contributions of this
paper are as follows:

 Unlike Paz et al. (2019), which uses a manual correction method
with limited tracking performance, our approach proposes an au-
tomatic PID gain adaptation law that ensures closed-loop system
stability without the need for manual correction.

Unlike Oliveira et al. (2017), our controller does not require
knowledge of disturbance bounds or desired trajectories.

More importantly, our control input is analytically proven and
experimentally validated to be continuous and smooth, ensuring
patient safety.

Unlike Ekinci et al. (2022), Izci, Ekinci, Eker and Abualigah
(2022), Izci, Ekinci, Eker and Demiroren (2022), Izci et al. (2023),
which require online optimization, our approach provides closed-
form adaptive laws for controller gains, resulting in a computa-
tionally efficient method.

We analytically prove the stability and convergence of our ap-
proach for a model with unknown parameters, a feature not
present in the aforementioned studies.

While Zhang et al. (2022) achieved a uniformly ultimately
bounded (UUB) tracking error with their DSC-DC controller, our
proposed PID-like approach offers advantages in design simplicity
and less restrictive gain requirements, making it more practical
for real-world implementation.

The rest of the paper is organized as follows: Section 2 presents the
problem formulation and technical preliminaries, including the model
of ankle dynamics. Section 3 discusses the development of the CF-based
PID controller. The Lyapunov stability analysis is provided in Section 4,
followed by simulation results in Section 5 and experimental results in
Section 6. A detailed discussion on the performance of the CF-based PID
controller is presented in Section 7, and finally, conclusions are drawn
in Section 8.
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Fig. 1. Schematic diagram of the lower limb showing electrical stimulation of the
peroneal nerve. The dorsiflexion angle (0) is the angle between the foot and the
horizontal reference line, which represents 0°. m is the mass of the foot, g is the
gravitational acceleration, and / is the distance between the ankle joint and the foot’s
center of mass.

2. Problem formulation and technical preliminaries

The electrical stimulation of the tibialis anterior muscle is illustrated
in Fig. 1. Positive and negative electrodes are placed on the deep
peroneal nerve and the common peroneal nerve respectively.

The total applied torque on the ankle is Ferrarin and Pedotti (2000):

Mo (1) = My (1) + M (1) + My(0) + M, (1) + d; (1) (€D}

where M,, M, and M, represent gravitational, stiffness, and damping
torques, respectively, and d, represents system uncertainties. These
uncertainties include parameter variations, disturbances, and unmod-
eled dynamics (e.g., nonlinear torque-angle and torque-velocity scaling
factors of the activation dynamics, muscle fatigue). These torques are
passive components of the net torque, M,,,. M, represents the active
ankle torque generated by electrical stimulation. These torques can be
modeled as Ferrarin, Palazzo, Riener, and Quintern (2001), Ferrarin
and Pedotti (2000):

M, (1) = —mgl sin 0(1) 2
M (1) = -{(0() — w) exp (—£ 0(1) 3
My(t) = —p o) “4)
0 0 < PW < PW,,
M0y =d SEWO=PW) by oy < pw (5)
0= PW., —PW,,) th < < PWy
S PW,,, < PW

sat

Here, m represents the mass of the foot, g is the gravitational acceler-
ation, / is the distance between the ankle joint and the foot’s center
of mass, and 6 denotes the angle between the foot and the horizontal
reference line (which represents 0°). ¢ and ¢ are elastic coefficients, w
represents the resting elastic ankle angle (the angle between the shank
and foot where the elastic component of the ankle torque is zero), and
g is the viscous coefficient. § represents the ankle angular velocity.
Finally, PW denotes the pulse width of electrical stimulation, PW,,
is the threshold pulse width, PW,,, is the saturation pulse width, and
S represents the muscle strength.
Considering Dynamics (1), following assumptions are made.

Control Engineering Practice 153 (2024) 106090

Assumption 1. The desired trajectory (6,) and its first and second
derivatives (¢, and 6,) are known and bounded. Also, |6;| < 8 < oo
where 6 is an unknown positive constant.

Assumption 2. The joint angular position and velocity, i.e. 6 and ,
are measured; therefore, they are known.

Assumption 3. The lumped uncertainty is bounded, i.e. |d(6,1)| < d,
where d; is an unknown positive constant.

Assumption 4. Let f(0,1) = (M, + M, + M,)/J, where J is inertial
moment of foot. Considering the system nonlinearities, there exist an
unknown constant w 20, and a computable scalar function O (0,0 2
0 such that |f(0,7)] < w,Q/(6,1), where the function Q ,(6,?) is defined
by extracting the deep-rooted information of the system. This function
is presented in the control development section.

Remark 1. Assumption 1 can be made since the normal ankle
trajectory is available in the literature on gait analysis (Jacquelin Perry,
2010). Assumption 2 is based on the fact that 6 can be measured by
a sensor that is placed on the foot. Assumption 3 is made based on
the results of the experimental trials that were conducted to validate
the dynamic model (Ferrarin et al., 2001; Ferrarin & Pedotti, 2000).
Assumption 4 is proven to be correct for any practical system with only
crude model information (Song et al., 2015).

Following definitions and lemmas are used to design the controller
and prove its stability.

Definition 1. Function N(y) is called a Nussbaum-type function if
lim,_, , sup /S; N(y)dy = +co and lim_,, inf /| 0 N(y)dy = —oo (Song,
Huang, & Wen, 2017).

Lemma 1. Consider the asymmetric non-smooth saturation
0 0<u()<m

H (u@®) = a @(t) — my) m; <u(t) < my (6)
7] my < u(t)

where a > 0 is the constant slope, m; and m, are the break points, and
i is the constant bound of the input u(t). In practice the slope is a =
i/(my — my) to avoid a sudden jump at the break point m,. Considering

the transformation u'(f) = u — ii/(2a) — m; and defining
pons i @D — e @)
Gu ) = 2 (em/(t) T+ e () @

where n > 0 is a design constant, then it is readily shown that
H@®) = 66 (0) + D, W 0) + 5 @®)

D, (/' (1)) is bounded as | D, (' (1))| < D,, where D, is an unknown positive
constant. Also, G(/'(t)) is differentiable and always in the range [—ii/2, /2],
for all u(t) € R. By using the mean value theorem, it is easy to show

G
G (1) = Guy) + o
where u* = &' + (1 — .f)ug for & € (0,1). Considering G(0) = 0 for u6 =0,
one can obtain

. W' (1) — ug) 9

GW' 1) = G*u' (1) 10)

G

where G* = e Also, for all u(t) € R, G* is bounded as |G*| < G,
u

where G is an unknown positive constant. Accordingly, it can be shown that

H(u(®) = G*®) + D(-) an

where D(-) = =G*ii/(2a) — G*m + D, (' (t)) + ii/2 is an unknown bounded
variable as |D(:)| < D, and D = Gii/(2a) + Gm, + D, +ii/2 is an unknown
positive constant.
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Remark 2. Inspired by Zhao, Song, and Wen (2016), Lemma 1
approximates the asymmetric non-smooth saturation function by a
smooth function. This approximation, owing to its boundedness and
smoothness, results in a bounded error. Furthermore, using the mean
value theorem, the nonaffine function H(u(#)) can be represented as
an affine function of its input with an unknown but bounded gain
G*. In the development of the proposed control, this unknown control
gain is handled by incorporating a Nussbaum function, as defined in
Definition 1.

Lemma 2. Let v(t) > 0 and y(t) be smooth functions defined on [0,1;).
For any t € [0,1), if

u(r) < ap + e_‘”/ Y ()N (y)+ 1) ye*dr (12)
0

where a, and a are positive constants, and Y (t) is a time-varying parameter,
which takes values in the unknown interval L = [I=,17] with 0 & L, then
v(t), x(), and fo' Y(z)N(y) xe“ dz are bounded on [0,1;) (Ge, Hong, &
Lee, 2004).

Definition 2. The solution of a system x(¢) is uniformly ultimately
bounded (UUB) if there exists a number T'(K, x(,)), and a K > 0 such
that for any compact set S and all x()) € S, [[x(®)|| < K, for all
t >ty + T (Peng, Tian, Zhang, & Du, 2017).

Considering Lemma 1, with m; = PW,,, my = PW,, a =S /(PW,—
PW,,), and i = S one can obtain that

M,(t) = G*PW(t)+ D(PW () 13)
The ankle joint rotational dynamics can be simply modeled as
JO(t) = M, (1) a4

where J is inertial moment of foot, § is angular acceleration of foot. By
replacing (1)—(5) and (13) in (14), one can obtain
6= f(0,0)+ b0, Hu(®) + d(6,1) (15)

where f(0,1) = (—mglsin0 — {(0 — w) exp(—€0) — p) /J, b(r) = G*/J is
an unknown function, u(r) = PW(r) is the control input, and d(-) =
(d(-)+ D(PW (1)))/J.

Considering Assumption 3 and Lemma 1, it is readily shown that
|d(-)| <d, where d = (d, + D)/J is an unknown positive constant.

Considering (15), the objective of this paper is to develop a robust
adaptive PID controller that achieves UUB tracking of # without using
(), b(), and d(-).

3. Control development

To design the control signal PW (1), the tracking error and its time
derivatives are defined as:

e(r) = 0(t) — 0,(t) (16)
(1) = () — 0,(t) a”

ét) = 6(n -6, =
fO,)+bO,H)PW () +d,1) — éd(t) (18)

where 6, ,, and §, are the desired trajectory, velocity, and accel-

eration, respectively. To proceed, we define a generalized error as
t

E(1) = 2Ae(r) + A* / e(r) dr + 86(1) 19)
0

where 4 >0 and 0 < 6 < 1 are design parameters such that the transfer
function 8s2+24s+4? is Hurwitz. Note that E(?) is formed by combining
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proportional, integral, and derivative terms of the tracking error e(¢). By
taking time derivative of E(r), one can obtain:

E = 66+22é+ A2e=

5 (f(0,0+bODPW +d(0,1)—8,) +24é + Ve (20)
Thus,
E =F(,1)+ BO,nHPW (21)

where F(8,t) = 6f(0,1) +8d(8,t) — 66, +2Aé + 4%e and B(8,1t) = 5b(6, 1).
Considering Assumptions 1-4, F(6,1) is upper bounded as:

|F(8.0)] < 6w, ;(0.1) +6d + 50 + 2A1¢| + 42|e| < wQ(B.1) (22)

where w > 0 is an unknown constant, and Q(9, t) is the “core function”
which is an easily computable scalar function (Song et al., 2015).

w = max {5wf,§d_, 50,24, /12} (23)

0=0s+éel+]el+2 (24)

For a bounded 6 (-23° < 0 < 6° during the swing phase (Jacquelin
Perry, 2010)) and the unknown constant ¢ € R, it is readily shown
that exp(—£6) < Y, where Y is an unknown positive constant. Then,
considering Assumption 4, f(0,7) as in (15), and unknown positive
constants m, [, J, {, w, B, it can be shown that

wy = max m_glgﬁﬁ (25)
J J J J
Qf=|sin9|+|9|+|9|+1 (26)

Thus, the core function of the ankle joint dynamics is
O=|sin@|+|0|+|0|+|é¢|+]|e|+3 (27)

It can be proven that the boundedness of E guarantees boundedness
of e, /ot e(r)dr, and ¢ (Khalil, 2000). Thus, the controller is designed to
ensure E is UUB.

The CF-based PID controller is proposed as:

PW (1) = (k + Ak(t)) N(x)E(t) (28)

where k is a positive design parameter, N(y) is the Nussbaum type
function, and the controller gain Ak is obtained via the following
adaptive laws:

Ak = wQ? (29)
7 = (k+ Ak)E? (30)
W= —pOLZ)+p1Q2E2 (31)

where p, and p; are positive design constants, and 0 is the estimation
of w.

Remark 3. The proposed controller in (28) is composed of two parts,
i.e. (k + Ak(t)) N(y) and E(¢r). As mentioned before, E(¢) is a PID-like
filter of the tracking error. (k+A4k()) N(y) automatically and adaptively
tune PID gains. Thus, the proposed controller is an adaptive PID-like
controller.

Remark 4. Adaptive laws in (30) and (31) are scalar functions. Thus,
comparing to previous control strategies that used neural network
or fuzzy logic for their adaptive laws (Ajoudani & Erfanian, 2009;
Nekoukar & Erfanian, 2012), the proposed controller has the significant
advantage of being computationally inexpensive.

Remark 5. Amplification of the sensor noise (i.e. high frequency com-
ponents in 6(¢) signal) by the derivative term can cause fluctuations in
PW (t) and instability. Thus, sensitivity of the derivative term to the
sensor noise is reduced by 0 < § < 1 in (19).
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4. Stability analysis

Theorem 1. Considering the ankle joint dynamics (15) and their asso-
ciated uncertainties, under Assumptions 1-4, the proposed controller (28)
with adaptive laws (29)—(31) guarantees the following: (1) the tracking
error and all internal signals are UUB, and (2) the control signal PW is
continuous and smooth everywhere.

Proof. Consider the following Lyapunov function
1

1
V=-E+_—u’ 32
27t (2

where @ represents the estimation error of w, defined as & = w — .
Substituting (21) in the time derivative of V' gives
V = EE— Y = FOE + BOPWOE — - (33)
P1 P1
Considering (22) and (28), V is bounded as

1

V < wO() |E| + B() (k + Ak(-)) N(y)E* — p—u‘mv (34)
1
Substituting (31) in (34) yields
V < wO()|E| + B() (k + Ak(-)) N(p) E* — 00> () E* + Z_U“”” (35)
1

Using the Young’s inequality and (&0 — w)? > 0, we have

wO() |E| < wQ>()E? + % (36)
20 g < 202 _ 20 g2 37)
Py 2p 2p

Integrating (36) and (37) into (35) yields

V < (k+@0%0)) E? + B) (k + 4k() N () E? - kE? - ;—Oaﬂ

P1
P W
+ 2, w” + 7 (38)
Substituting (29) and (30) into (38) yields
V<BON@p +)g+e (39)

where B(-) # 0 and ¢ = pyw?/(2p;) + w/4. Multiplying (39) by e with

a > 0 yields

dv (t) e*
dt
Integrating both sides of (40) over [0,] yields

< BCN(y) ye + ye +ce™ (40)

t
V@) < e_"’/ (B(r)N () + 1) ¢ dr + (V(O) - 5) ey & (41)
0 a a
Since 0 < e < 1, V(¢) can be further bounded as
t
V() <ag+e® / (B@ON() + 1) ye* dr (42)
0

where a; = ¢/a + V(0) is a positive constant. Considering Lemma 2,
it is concluded from (42) that V (¢), (), and fo' (B(t)N(y)+ 1) ye* dr
are bounded on [0, ¢ ) Considering (32), boundedness of V(1) means
boundedness of E and . Since w and @ = w — & are bounded,  is
bounded. Substituting (32) in (42) and considering the boundedness of
V(0) and J; (B(z)N(x)+ 1) j ¢“" dr, it is concluded that

B2

lim =— <
=0 2

(43)

Thus, |E| converges to the set A = { |E| ’ |E| < \/2c/a} as t — oo.

Considering (19), the boundedness of E, guarantees boundedness
of e, fo' e(r)dr, and ¢ (Khalil, 2000). Considering (16) and (17), the
boundedness of e, ¢, §,, and 6,, leads to the boundedness of @ and 4.
Thus, considering (27), the core function Q(6,1) is bounded. Accord-
ingly, from (29) and (31) it is concluded that Ak and @ are bounded.
Therefore, considering (28), (21), and (22), PW and E are bounded.

Q0
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Fig. 2. Sagittal plane ankle angle during a single gait cycle; P and D represent plantar
flexion and dorsiflexion, respectively.

Taking the time derivative of Eq. (28), given that 4k = @»Q? and
N(y) = x*cos(y), yields

oPW OPW ON(y) .  oPW

PW = 3E E+0N(J() PP ¥+ 30 o0+ o w (44)

where

B = (k+ A N () 45)

IPW

NG = (k + Ak(1)) E(t) (46)

INGD _ 5 cos(r) - 2% sin(x) 47)
ox

IPW

L = 2ONE® (48)

2 PN E® (49)
w

Q=%=|90080|+|9|+|é|+|é|+|é| (50)

Since E, E, ¢, & 0, 6, Ak, W, b, y, #, N(¥), and Q are all
bounded and continuous, PW is bounded and continuous. Thus, PW
is continuous and smooth everywhere. This ends the proof. []

5. Simulation results

This section presents the results of numerical simulations to evalu-
ate the performance of the CF-based PID controller. The parameters of
the controller in (28) were selected as follows: A =1, § =1, k = 0.01,
po = 10, and p; = 0.01. The even function N(y) = y*cos () was used in
(28) to satisfy Definition 1. Fig. 2 shows the mean values of ankle angles
for healthy individuals during a gait cycle (Jacquelin Perry, 2010). The
stance phase lasts approximately 60% of the gait cycle, while the swing
phase lasts about 40%. Twice during a gait cycle, the ankle undergoes
plantarflexion (P) followed by dorsiflexion (D). The first three flexions
(P, D, P) occur during the stance phase, and the final dorsiflexion (D)
occurs during the swing phase (Jacquelin Perry, 1992). In Fig. 2, the
dorsiflexion amplitude during the swing phase is 20°, ranging from
—18° to +2°.

The performance of the proposed controller was evaluated using
the joint dynamics model presented in section Section 2. The model
parameters used in this study were identified for eight male subjects,
including five healthy individuals (H1-H5) and three paraplegic pa-
tients (P1-P3) (Ferrarin et al., 2001; Ferrarin & Pedotti, 2000). The
identification procedure and parameter values are fully described in
the cited references. The controller’s performance was assessed across
different trajectory types: sine wave and ankle (Fig. 2). For the ankle
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Fig. 3. Controller Performance for Amplitude 20° and Period 2s: (Left) Sine wave trajectory; (Right) Ankle trajectory. (Top) Desired trajectory (6,) and actual trajectory (6);

(Middle) Pulse width; (Bottom) Tracking error.

Table 1 Table 2
Mean RMS error and standard deviation for different test conditions. Statistical significance of amplitude and period effects on controller accuracy.
Traj. Type Amplitude Period Mean RMS Error Std. Dev. Comparison p-value Conclusion
Sine Wave 13° 2s 2.33° 0.01° Amplitude Effects
Sine Wave 20° 2s 2.17° 0.01° 13° vs. 20° (Sine Wave, 25) 1.01 x 1074 Significant
Sine Wave 13° 2.3s 2.35° 0.01° 13° vs. 20° (Ankle Trajectory, 2s) 0.43 Not significant
Sine Wave 20° 2.3s 2.19° 0.01° 13° vs. 20° (Sine Wave, 2.3s) 3.80 x 1077 Significant
Ankle Traj. 13° 2s 2.31° 0.08° 13° vs. 20° (Ankle Trajectory, 2.3s) 2.07 x 107° Significant
Anl}:}e Traj'. 20: 2s 2.23: 0.20: Period Effects
A“kle Traj. 187 23s 2ar° 0.05° 25 vs. 2.3 (Sine Wave, 13°) 344 x 1076 Significant
Ankle Traj. 20 23s 220 0.05 2s vs. 2.3s (Ankle Trajectory, 13°) 2.83 x 1073 Significant
2s vs. 2.3s (Sine Wave, 20°) 4.06 x 107¢ Significant
2s vs. 2.3s (Ankle Trajectory, 20°) 0.71 Not significant

trajectory, the amplitude represents the dorsiflexion during the swing
phase of gait. The controller was tested at different amplitudes (13°
and 20°) and periods (2s and 2.3s). These amplitudes and periods
were chosen based on previously published studies that measured these
values on the paretic side of stroke patients (Von Schroeder, Coutts,
Lyden, Billings, & Nickel, 1995; Wang et al., 2020). For each trial,
the root mean square (RMS) of the tracking errors (e) during the first
20s was calculated. Simulations were performed in MATLAB Simulink
(MathWorks Inc., USA), with a saturation block used in the Simulink
model to bound the control input (PW) between 0 and 500 ps, as
PW <0 is unrealistic and PW > 500 ps is unsafe for patients.

To illustrate the controller’s performance, Fig. 3 presents the results
for both a sine wave trajectory and an ankle trajectory, each with an
amplitude of 20° and a period of 2s. The left side of the figure shows
the results for the sine wave trajectory, while the right side shows
the results for the ankle trajectory. The top row on each side displays
the desired trajectory alongside the actual trajectory produced by the
controller. The middle row shows the control input (pulse width) that
generated this output, and the bottom row presents the tracking error
between the desired and actual trajectories. Table 1 summarizes the
mean RMS errors and standard deviations for each condition.

Statistical analysis using paired-sample t-tests (Table 2) demon-
strated that larger amplitude was associated with a statistically sig-
nificant reduction in RMS error for sine wave trajectories at both
tested periods (2s and 2.3s) and for ankle trajectories at a period of
2.3s. However, no statistically significant difference in RMS error was
observed between 13° and 20° for ankle trajectories at a period of 2s.

Additionally, a longer period (2.3 s) resulted in a statistically significant
increase in RMS error for sine wave trajectories at both 13° and 20°, as
well as for ankle trajectories at 13°. For ankle trajectories at 20°, the
period had no statistically significant effect on RMS error.

The observed performance trends might have been influenced by
the inherent inaccuracies of the ankle model used in this study. While
the model was based on previously published work, it is unlikely that
any model can fully capture the complex, non-linear dynamics of the
human musculoskeletal system. This inaccuracy could have contributed
to the unexpected performance.

To evaluate the controller’s ability to adapt to muscle fatigue, the
effect of fatigue was simulated by multiplying the muscle activation
M, by the function —1.5exp(—3f) + 1. This function gradually reduced
the muscle’s ability to generate torque over time, mimicking the effects
of fatigue. As shown in Fig. 4, after the first two cycles (0—4s), the
controller quickly learned to accurately track the desired trajectory.
This adaptation was evident from the control signal (pulse width),
which increased by approximately 80ps from 0-20s to 240-260s,
effectively compensating for the gradual loss of muscle strength. This
adaptive behavior resulted in a significant decrease in the RMS error,
from 2.19° in the first 20s to 0.06° in the last 20s. This demonstrates
the controller’s ability to compensate for fatigue and maintain accurate
tracking, even under challenging conditions.
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Fig. 4. Controller Performance During Fatigue Simulation: (Left) Tracking from 0-20s; (Right) Tracking from 240-260s. (Top) Desired and actual ankle trajectories; (Middle) Pulse

width; (Bottom) Tracking error.

6. Experimental results

Following ethical approval’, experimental trials were conducted on
three healthy female subjects aged between 35 and 40 years. Healthy
subjects possess intact sensory feedback, allowing for the immediate
detection and termination of the experiment if any malfunctioning of
the FES system occurred. Each subject sat on a bench with their lower
legs hanging over the edge. Self-adhesive electrodes (5x5cm?, axion
GmbH, Germany) were placed over the common peroneal nerve and the
belly of the tibialis anterior muscle (Fig. 1). A single-channel wearable
FES neuroprosthesis was developed to deliver charge-balanced pulses.
The CF-based PID controller modulated the pulse width (from 0 to
500 ps) while the current amplitude and frequency were held constant
(60 mA and 20 Hz). The parameters of the controller (28) were set to
A=2,6=01, k=002 p, =10, p; = 0.01. The control strategy was
programmed on an Arduino Nano microcontroller (www.arduino.cc).
A 6-axis inertial measurement unit (MPU-6050, InvenSense Inc., USA)
was fixed to the dorsal surface of the foot, over the first metatarsal
bone.

Initially, we planned to use force-sensing resistors for gait phase
detection during walking trials, with subjects instructed to avoid lifting
their feet during the swing phase. However, even with conscious effort,
subtle dorsiflexion might occur due to subconscious muscle activation.
This ambiguity made it challenging to isolate the effects of the FES
system and accurately assess its performance. To address this challenge,
we transitioned to a controlled environment. Subjects were seated on
a bench, and a pre-recorded ankle trajectory during gait was used.
This controlled setup allowed us to isolate and assess the controller’s
tracking performance during the swing phase, eliminating ambiguity
about the origin of movement and enabling controlled FES stimulation.
The FES stimulation was applied only during the swing phase of the
pre-recorded trajectory, mirroring the practical implementation of a
drop foot neuroprosthesis. While this experimental design does not
replicate real-world walking, it allowed us to effectively validate the
controller’s ability to track the desired trajectory in a controlled setting,
demonstrating its potential application in drop foot neuroprosthetics.

The controller’s performance was evaluated using sine wave and
ankle trajectories across a range of amplitudes (13° and 20°) and

1 IR.TUMS.VCR.REC.1398.114

Table 3

Mean RMS error and standard deviation for different test conditions.
Traj. Type Amplitude Period Mean RMS Error Std. Dev.
Sine Wave 13° 2s 3.38° 0.44°
Sine Wave 20° 2s 3.61° 0.35°
Sine Wave 13° 2.3s 3.84° 0.12°
Sine Wave 20° 2.3s 4.62° 0.22°
Ankle Traj. 13° 2s 2.84° 0.04°
Ankle Traj. 20° 2s 2.75° 0.01°
Ankle Traj. 13° 2.3s 2.71° 0.02°
Ankle Traj. 20° 2.3s 2.71° 0.02°

periods (2s and 2.3 s), similar to the simulation studies. To illustrate the
controller’s performance during the experimental trials, Fig. 5 presents
representative results for sine wave and ankle trajectories, each with a
20° amplitude and 2 s period. Table 3 summarizes the mean RMS errors
and standard deviations for each condition.

Statistical analysis using paired-sample t-tests (Table 4) demon-
strated that larger amplitude (20°) was associated with a statistically
significant increase in RMS error for sine wave trajectories at a period
of 2.3s, while no significant difference in RMS error was observed
between 13° and 20° at a period of 2s. For ankle trajectories, amplitude
did not have a statistically significant effect on RMS error at either
period (2s or 2.3s). Additionally, a longer period (2.3s) resulted in a
statistically significant increase in RMS error for sine wave trajectories
at the larger amplitude of 20°, whereas the increase for 13° was not
statistically significant. In contrast, for ankle trajectories, the longer
period led to a statistically significant reduction in RMS error at both
amplitudes (13° and 20°).

To assess the controller’s adaptability in real-world scenarios, an
experimental evaluation of muscle fatigue was conducted. The FES sys-
tem was activated and maintained for a duration of 260s, allowing for
the natural onset of muscle fatigue. As shown in Fig. 6, the controller
demonstrated adaptive behavior by increasing the control signal (pulse
width) by approximately 100 ps to compensate for the gradual decline
in muscle strength. This adaptive response resulted in a significant
reduction in the RMS error, from 3.06° at the start of the experiment to
2.05° after 260s. The experimental results provide further evidence of
the controller’s ability to compensate for fatigue-induced performance
degradation in a practical setting.
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Table 4

Statistical significance of amplitude and period effects on controller accuracy.
Comparison p-value Conclusion
Amplitude Effects
13° vs. 20° (Sine Wave, 25s) 0.61 Not significant
13° vs. 20° (Ankle Trajectory, 2s) 0.08 Not significant
13° vs. 20° (Sine Wave, 2.3s) 0.03 Significant
13° vs. 20° (Ankle Trajectory, 2.35s) 0.95 Not significant
Period Effects
2s vs. 2.3s (Sine Wave, 13°) 0.29 Not significant
2s vs. 2.3s (Ankle Trajectory, 13°) 0.01 Significant
2s vs. 2.3s (Sine Wave, 20°) 0.01 Significant
2s vs. 2.3s (Ankle Trajectory, 20°) 0.04 Significant
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Experiment: (Left) Tracking from 0-20s; (Right) Tracking from 240-260s. (Top) Desired and actual ankle trajectories; (Middle)

7. Discussion

The primary limitation of the current study lies in the use of a
simulated gait trajectory rather than actual walking during the experi-
mental trials. While this approach allowed for a controlled evaluation
of the controller’s tracking performance, it does not fully capture the
dynamic and complex nature of walking in individuals with neurologi-
cal impairments. Additionally, the experimental trials were conducted
on able-bodied subjects, limiting the generalizability of our findings to
patients with drop foot.

Future research is needed to verify the controller’s performance
in real-world walking scenarios with individuals experiencing drop
foot. These trials will involve assessing the controller’s effectiveness
and safety in more realistic settings, accounting for the unique biome-
chanical challenges of walking with drop foot. The results of these



G. Tanhaei et al.

future studies will be crucial for advancing the development of FES sys-
tems that are both effective and safe for individuals with neurological
impairments.

The control input, constrained to 0-500 ps for patient safety, may
limit the controller’s tracking performance, particularly at larger ampli-
tudes. Future work could explore control strategies that better account
for these saturation limits to improve tracking accuracy across a wider
range of motions.

The observed RMS error of approximately 3° falls within the range
of typical ankle motion for healthy individuals (Jacquelin Perry, 2010).
While this suggests that the controller achieves reasonable average
tracking accuracy, it is important to acknowledge the potential for
overshoot. Overshoot, where the controller transiently exceeds the
desired trajectory, can be a significant issue in drop-foot correction
applications. It may lead to unnatural movement patterns, hinder gait
improvement, and even increase the risk of falls for users.

Future research efforts will focus on mitigating overshoot while
maintaining acceptable tracking performance. This could involve fine-
tuning the controller parameters or exploring more sophisticated con-
trol algorithms specifically designed to minimize overshoot excursions.

The proposed control strategy is applicable to a wide range of elec-
tromechanical systems that exhibit second-order dynamics, as defined
by Eq. (15) and satisfy Assumptions 1-4. Its inherent robustness to
uncertainties and adaptability make it suitable for many electrome-
chanical systems. Our approach has the potential to be extended to
diverse applications, including hypersonic vehicle control (Meng, Jiang,
& Qi, 2019), attitude control of spacecraft (Van, 2018), wind tur-
bine power control (Habibi, Nohooji, & Howard, 2018), high-speed
train control (Guo & Ahn, 2020), and robotic manipulators (Cao &
Song, 2020). Further exploration of these applications could lead to
significant advancements in various engineering fields.

8. Conclusions

The primary motivation behind developing the CF-based PID con-
troller was to create a computationally efficient control strategy with-
out compromising tracking performance, crucial for real-time imple-
mentation in wearable neuroprostheses. By utilizing a core function
and linking PID gains, the proposed CF-based PID controller achieves
automatic adaptation to individual musculoskeletal systems, eliminates
the need for prior model identification, and significantly reduces com-
putational costs. Simulation and experimental results confirm the con-
troller’s ability to deliver robust tracking performance for both sinu-
soidal and ankle trajectories, with effective compensation for muscle
fatigue. This research represents a significant advancement in FES con-
trol strategies, offering a practical and efficient solution for enhancing
mobility in individuals with movement impairments.
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