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Abstract— This paper introduces a novel funnel-based adap-
tive £ fuzzy control strategy for assisting ankle joint movement
during walking with the use of an actuated ankle foot orthosis
(AAFO). A projection-based adaptation mechanism employing
a fuzzy system is used to estimate the unknown time-varying
parameters of the £, control law, ensuring precise tracking of
the AAFO-wearer system by the state estimator. The projection
operator guarantees the convergence of the parameters while
offering a limited amount of assistance torque. Funnel-based
feedback control is used to mitigate the typical time lag seen
when using L£;-based approaches due to the presence of a
low-pass filter commonly used in this type of approach. The
effectiveness of the proposed control strategy is demonstrated
through real-time experiments involving five healthy subjects.

[. INTRODUCTION

The current challenges posed by a rapidly aging global
population, coupled with the increasing incidence of strokes,
highlight the urgent need to develop effective, efficient, and
individualized rehabilitation techniques [1], [2]. Conventio-
nal therapeutic strategies often require a significant amount
of physical effort and time from healthcare providers, often
resulting in insufficient precision and personalization of the
rehabilitation process. These concerns are amplified by the
dramatic demographic changes currently taking place. More
and more people are becoming very vulnerable to factors
that can significantly reduce their mobility, such as age-
related musculoskeletal degeneration or impairments caused
by strokes [3]. Foot drop is a typical example of the impact
of neurological or muscular disorders on walking patterns.
Foot drop can seriously impair an individual’s ability to walk
properly, as it impairs dorsiflexion, i.e. the upward movement
of the foot at the ankle. The foot and toes then drag, which
not only creates an abnormal gait, but also increases the risk
of falling. This problem not only limits mobility, but also
poses a significant safety risk [4].

An actuated ankle foot orthosis (AAFO) is an interesting
solution for treating the effects of foot drop [3]. Unlike
their passive counterparts, AAFOs are equipped with motors
and sensors, and can be driven using advanced control
algorithms. This allows for more controllable and dynamic
support, enabling assistance to be tailored to the specific
needs of the user. This not only improves rehabilitation
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results, but also considerably reduces the physical workload
on therapists [5]. Instead of being actively involved in ma-
nipulating the patient’s limbs, healthcare providers can now
play a supervisory role, monitoring the rehabilitation session
and making any necessary adjustments. The effectiveness of
robotic orthoses is highly dependent on their control system,
particularly in the context of physical human-robot interac-
tion, an area that has been the subject of extensive research
in recent years. Effective control of a robotic orthosis can be
achieved through a variety of strategies aimed at correcting
the wearer’s movement while ensuring the transparency of
the orthosis to the wearer. These strategies include EMG-
based methods that measure the wearer’s muscular effort
and use the orthosis to generate the necessary assistance by
supplementing the effort required [6], [7]. Another strategy
is torque control, which directly controls the torque/force
of the motor, allowing the orthosis to precisely generate
the torque/force needed to complete the wearer’s movement
[8], [9]. Impedance-based control methods, which do not
rely on predefined trajectories, have also been explored [10],
[11]. However, these control methods require the wearer to
voluntarily initiate the movement. Although these strategies
provide significant assistance to the wearer, their main li-
mitation is their dependence on user-initiated movements.
Another method of control consists of following a predefined
healthy trajectory. This strategy is particularly suitable for in-
dividuals who are unable to initiate movement, as the orthosis
can help to achieve the desired movement with precision
without depending on the user’s initiative [12], [13]. Various
control strategies have been proposed in the literature in the
context of trajectory following assistance controllers, such
as the predictive controllers [14] and the sliding-mode-based
controllers [15], [16]. Although the above-mentioned control
strategies have proven efficient, as model-based controllers
they require prior knowledge of the AAFO-wearer system
model through an identification process. Adaptive control
has the ability to provide the necessary assistance without
requiring prior knowledge of the AAFO-wearer system, as
shown in [4], [5], [17].

In this paper, a funnel-based £, adaptive fuzzy control is
proposed for controlling an actuated ankle-foot orthosis to
aid in ankle joint plantarflexion/dorsiflexion movement. The
key features of the proposed control strategy are as follows :

1) An L1 Fuzzy approach is introduced, where a fuzzy
system is used to approximate the £, adaptive para-
meters [18]. Unlike traditional £; studies that often
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FI1G. 1. View of the AAFO-wearer system [5]. The foot coordinate system

F(@f, 57T, 2F) is positioned at the ankle, with Zf aligned along the heel-

toe half of the insole. A static ground coordinate G(Z9, 49, Z9) is in place.

Angle 05 is the shank’s orientation with respect to the vertical axe 9, o

defines the foot’s alignment, and 6 is the angle between the shank and foot.
consider parameters as static [19], [20], [21], [18],
[22], the proposed fuzzy adaptation considers these
parameters as dynamic, which improves the robustness
of the control system with respect to the parametric
uncertainties of the model.

2) A projection operator is introduced in the adaptation
mechanism to constrain the evolution of the adaptive
parameters while ensuring their convergence and en-
abling the controller to provide the necessary assistive
torque to the wearer.

3) Unlike earlier studies [21], [20], [19] which rely
on static state feedback, the proposed time-varying
funnel-based feedback is integrated into the main £
controller. Its goal is to mitigate the usual time lag
generated by conventional £, control and maintain the
tracking error within a predefined range.

The proposed controller is capable of providing control-
lable assistance without any prior knowledge of the AAFO-
wearer system parameters while compensating for external
disturbances that may affect the wearer’s walking patterns.
Compared with our previous work [5], the design and for-
mulation of the proposed controller does not require the use
of additional wearable sensors, such as inertial measurement
units (IMU) or force-sensitive resistors (FSR). To the best
of our knowledge, this is the first study to combine fuzzy
system with £, adaptive control and a funnel-based approach
for the control of a robotic orthosis, in particular an ankle
foot orthosis (AAFO). The rest of the paper is structured
as follows : Section II presents the dynamic modeling of
the ankle orthosis. In Section III, the funnel-based adaptive
fuzzy £ controller is introduced, with a focus on detailing
its design and stability analysis. Section IV presents and
analyses the experimental results, while section V concludes
the paper and gives future perspectives.

II. AAFO-WEARER MODELLING

In terms of mechanical design, the orthosis has one active
degree of freedom at the ankle joint and one passive degree
of freedom at the knee joint (Fig. 1). The active DoF is
actuated by a geared DC motor with a reduction ratio of

1144 :1 and weights 3 Kg; driving the ankle joint to
provide assistance for dorsiflexion and plantarflexion with
a maximum torque of 10 N.m. An embedded rotary encoder
measures the ankle position # while the ankle velocity, 9 is
derived numerically. Three force sensitive resistors (FSRs)
placed in each shoe’s insole are used to detect the gait
subphases [5]. The computing unit and the power battery are
securely strapped around the waist. The angle o, representing
the orientation of the foot with respect to the longitudinal
direction, is calculated as follows : o« = 0, + 6.

The dynamics of the AAFO-wearer system can be expres-
sed as follows :

Jé:Tfrc+Tac+Ts+Tr+Tgr+Th+T (D

where  is acceleration of the ankle joint, 7f,. is the friction
torque (solid and viscous), 7, is the torque induced by the
translational acceleration of the foot, 75 is the system’s joint
stiffness torque, 7, is the torque induced by the ground
reaction forces, 7y is the gravity torque exerted by the
foot on the ankle, 7, is the torque produced by the plantar
flexion and dorsiflexion muscle groups, and 7 is the torque
developed by the AAFO’s actuator. These torques can be
formulated as follows :

Tfre = —7Yasignd — 10,
Tae = —7Ye (ay cOS @ — ag sina)
Ts == (0 — 0,), )
Tr = —Ygr (R12gr, — Roxgr, — R3gp,) cOS ,
Tgr = —Tg COS QL.

6, is the position of the ankle joint at rest, a, and a,
are respectively the longitudinal and vertical accelerations
associated with the translational movement of both shank and
foot, Ry, Ry, R3 are the ground reaction forces at the heel,
middle and toes levels with x4, , Tg4r,, Tgr, their respective
positions. Ya, Vs, Ve Vk» Ygr and T4 are respectively the
solid friction, viscous friction, acceleration, stiffness, ground
reaction force and gravity system’s parameters. sign is a
signum function. Let 2 = [z, 23] = [0, 6] be the state vector
with 6, = 0, (1) can be re-written as £, state-space system’s
class as follows :

:tzAmm+B(wT+nTx+U) 3)

where A,, = A — BkL with A = (l)l and B = [?J .
kn € R2*1 is a state vector selected such that A, is stable.
w, n and o are as follows :

w=J!
n= [~
o=J1! (Tr + Ty + Tac — Vo sign(xa) + 7)) — kmx.

]T

Note that the pair (A, B) is controllable.

III. FUNNEL-BASED £; ADAPTIVE FuzzY CONTROLLER
DESIGN

The objective is to design an adaptive £, control input
denoted as 74 augmented by a funnel based time-varying
feedback control 7 so that the output of the system 6 follows
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precisely the desired trajectory denoted 64. Thus, the overall
control input can be written as follows :

“4)

The parameters of the system are estimated using fuzzy
system, and then a state predictor is designed based on this
estimate to improve adaptation and reduce tracking error. The
overall control framework is depicted in Fig. 2.

T=7Tq+T¢

A. Adaptive fuzzy Ly controller

Unlike traditional £, control approaches, the control ap-
proach proposed in this paper uses a fuzzy logic system
for parameter estimation. thus, we can write the following
notation [23] :

n = W;Tf + 577
w=WiT¢+ ey, (5)
o=W:T¢+e,

where W, W7 and W7 are optimal parameter vector. with :

— &) =[a(2). . En(@)]”

&p(x) = % with |{,| <1 Vk=1,...,N.
pu(x) = TT0y ppe, FF € {F},... [ F™} represents the
weight of rule R;;. €w, €9 and e, are too small bounded
approximation errors. Using the fuzzy representation, (3) can
be rewritten as follows :

i=Ax+ BWi er+ W o + WTE 2] (6)

where ¢ represents the sum of the resulting bounded
approximation errors with |¢| < Z. It is important to note

that the optimal parameter vectors are unknown a priori.
Therefore, to overcome this issue, the estimated values are
used. Thus :

i) = Wié
W= Weé (7
& =Ws¢

These estimations are used in the following state predictor :
b= Api + BWIer + Wlew + We .
— ésign(z” PB))

T = x—1 is the prediction error, £ is the estimate of &, P is a
positive definite matrix and unique solution to the following
Lyapunov algebraic equation :

"
Fuzzy £ Controller Td
with Low-pass filter

r
1
—————— I~[Adaptation mechanism](—

Proposed Control Framework

" IN-
State Predictor |2 )

T

-

AT P — PA,, = -Q )

@ is a positive definite matrix. The estimated parameters
are adjusted to align the state predictor model’s output with
the system’s output. Once this alignment is achieved, the
applied control law adapts to changes or uncertainties in the
system, maintaining robustness and stability. The adaptation
mechanism of the estimated parameters can be formulated
as follows :

W, =T, Proj (van, :TPng)

W, = T, Proj (Wm —:ETbe)
) (10)
W, = L'y, Proj (wy, —#7 Pb¢T)

¢ =T.Proj (¢,— |7 PB])
Proj(W,y) is a projection operator defined in [5]. It is
formulated as follows :

broi(17 ) y if ||W|| < Was or WTy >0

= 'y iT . z T
FIEYIZ\ T = By i W] = Wy and WTy <0
(1)

The projection operator has the following properties [5] :
1) W(t) is uniformly continuous,
2) If |[W(0)|| < Wy, then ||W(2)]| < Wy, VE > 0,
3 [Proj(W, )| < iy,
4) WTProj(W,y) < WTy,
5) ||Proj(W,y)]| is bounded if ||[1¥|| is also bounded.

Remark 1: Note that the adaptive parameters are estima-
ted so that the dynamics of the state estimator closely match
that of the real system, thus improving trajectory tracking.
The control law 74 as shown in 2 can be expressed as
follows :

Td = —kC(S) (ﬁl — k‘gl‘d)

where C/(s) is a bounded input, bounded output stable and
strictly proper transfer function, 7;(t) = WnT Ex+W,E, ky =
—m is the inverse dc-gain constant, x4 is the reference
trajectory and k is a constant gain. The controller defined
in (12) guarantees bounded-input bounded-state stability of
the system with respect to the reference trajectory and initial
conditions if k,, and C(s) verify the following £; norm
condition :

(12)

1G(s)lle, L <1
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with G(s) = H(s)(1 — C(s)),H(s) = (sI—A,) ' B,
and L = max{|Ws|, |W,||}. G(s),H(s) and C(s) are
bounded-input bounded-output stable transfer functions, L
is the maximum bound set on the parameters Wg and WU.

B. Funnel control design

To solve the time-lag problem that often occurs in £y
controllers, a funnel control law, 7, a time-variant feedback
law, is introduced. This law depends on the system’s relative
degree, as demonstrated in [24]. The main goal here is
to design a predefined regime in which the position error
remains confined within a boundary funnel. Given that the
relative degree of the system considered in this study is 2,
according to [24] the control input 77 takes the following
form :

75 = —ki(t) (€(t) + ko(t)e(t))
ko(t) !

k1 (t)

=1 ~ AN >0

= 2 . 3 >0

L= ¢1(t) le(t) + ko()e(d) |
where e(t) = 1 — x4 is the tracking error, ¢ and ¢ are
the funnel functions of the position error and its derivative
respectively. These two functions are selected to achieve a

specific output behavior. In practice, these functions can be
of the same type. A common choice can be :

13)

it = Xoe ™ + Ao (14)

Ao denotes the beginning of the funnel functions and A\, is
the permanent regime value ; the values of these parameters
are chosen a priori. Since kg and k; are always positive, the
funnel controller consistently maintains system stability, as
demonstrated in [24].
On the basis of all of these results, the global control input
can be written as follows :
T = —/CC(S) (ﬁl — kgCEd) — k1 (6 + ]{706) (15)
C. Stability analysis

To study the stability of the system, the dynamics of the
estimation error is obtained by subtracting (5) from (14). The
estimation z is defined as follows :

& =ApZ+ B(WLér+ Wléa + WrE+e
— ésign(@” PB)) (16)

Let us choose the following Lyapunov function :

1 1 ~ 4= 1 - 5= 1 ~n
V=-=TPi+—WI'W, + —WIW, + —WIW,
7 g W W gp W Wt op e

I 5
5 17
+ 2Fe€ (17)
The time derivative of V' can be written as follows :
V =-3"Qi+ " PB(Wher + Whex + Wre+e
~ 1 - X 1 = X
2~ . ~T T T
— ésign(z' PB)) + F—an Wy, + ﬁWw W (18)
1 -~ = 1 .z
—WIW, + &
tp, Ve Wet e

After simplification and taking into account that z sign(z) =
|z|, V& € R, we obtain :

V <-i"Qi+ |i"PBle —¢|i"PB|
~ 1 - X ~
+ 2T PBW L ¢r + ﬁWUT, W + 2" PBW, ¢
I = T H ~T T 1 T 2 1 ~A
ann Wy] +x PBW(;f + FUWO. Wo‘ + ﬁaﬁ:

Introducing the adaptation mechanism in (19) and using the
projection-based features [25], we obtain :

19)
+

V < —#TQi + #TPBWT¢r + W Proj (Ww, —iTPB&-)

<0

+ & PBW €z + W Proj (Wn, T pBgm)

<0

+ i PBW, ¢ + W Proj (VV,, fchPbg)

> (20)
+£&|#" PB| + £Proj (¢, - |#" PB|)
<0
Finally, V is reduced to :
V<-3T'Qz<o0 (1)
and thereforg 14 S L, and the variables

ii,ii,xi,ii,Wn,Wq,Ww are bounded. Applying the
Barbalat’s lemma, we can conclude that all the elements
constituting the Lyapunov function are asymptotically
convergent. This result shows that the predictor model
is also stable since all its right-hand side variables are
bounded, and since ¥ = I — x, z is also stable, and
therefore, the overall closed-loop system is stable.

IV. EXPERIMENTAL RESULTS
A. Experimental protocol

Five healthy individuals participated in the study (Aged
2542 years with an average weight of 70+3 kg). They were
informed and consented to the experiment. Each subject was
asked to walk on the treadmill at a speed of 2 km/h. A
series of two unassisted sessions followed by two assisted
ones were conducted for one minute each with a one minute
rest between sessions. Before each session, five gait cycles
gait cycles were used to calibrate the gait subphases detection
algorithm to generate the adaptive reference trajectory [4].
During the assisted sessions, the assistance torque is first
applied during the stance phase so that any sudden change
in the ankle joint position does not affect the wearer’s
balance and safety. It should be noted that the FSRs are used
independently to generate the adaptive reference trajectory.

B. Controller parameters

The controller parameters are chosen as follows : k,,, =
[—57—12}T, kg = 5, k = 046, T, = 80.06,T, =

62.5 —25
p— T =
05,1, = B2, and o= |90 (B or
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@ =diag(50,50) ; the maximum bound of the projection is
set to 50. The filter G is chosen as follows : G(s) = S23=
and was implemented in real time using discrete variable
z~tas G(z71) = 1—z—215e—25T where T is the sampling
time. Funnel parameters are chosen as follows : Ao = 0.08
and A\, = 0.01 with a; = 2 and a9 2.3. The vector
[e, €] represents the input of the fuzzy system. Five Gaussian

membership functions are associated with each input variable

where g (2;) = exp{f% (%)2 , @ =1:5, with
centers C; = [—1,—0.5,0,0.5,1] and a variance equal to
o = 1.6. Initial values of the adaptive parameters were
set as follows : W,(0) = 0.5 - rand(25, 1), W,(0) =

7 - rand(25,1), Wy, (0) = 7 - rand(25,1), W,,(0) = —1 -
rand(25,1). Note that these parameters are chosen by the
empirical trial and error method to achieve the best possible
tracking while maintaining the comfort of the wearer.

C. Results

Fig. 3 provides a comparative analysis of the tracking
performance for Subject A with assistance during the first 40
seconds of the experiment. The figure clearly shows that the
tracking error is minimized and good tracking performance
is achieved with 2.92° error, while maintaining a smooth
velocity. A positive torque indicates a dorsiflexion assistance
while a negative one represents plantarflexion assistance. One
can note the convergence of the adaptive parameters and that
the projection operator maintains the norm ‘ sz below the
heind T/

Position (°)

Veloctiy (°/s)

Torque (N.m)

Parameters
n
8
T

}

——[[Wa || —— Wl [Well |
—[[Wo|]] ——Wn

! i
0 5 10 15 20 25 30 35 40
Time (s)

FI1G. 3. Subject A. Tracking performances with assistance
Fig. 4 shows that the predicted states closely align with
the real ones.

Adaptive

Position (°)

Velocity (%/s)

0 5 10 15 20 25 30 35 40
Time (s)

FIG. 4. Subject A : Real-time state estimation

Fig. 5 shows the effectiveness of the controller in dealing
with external disturbances resulting from abnormal walking
patterns. For this experiment, the subject’s knee was mecha-
nically constrained to prevent knee motion, and he was asked
to imitate an individual suffering from foot drop by letting
his foot fall during the swing phase. Two test sessions were
conducted to assess the controller’s impact.

20

: NN
MMF/MWMM/ [ \fAiv iy \M

25
Unassisted Assisted

100 f T ] T T 3

0 hnn xﬂ\j\ﬂ Wiy
FPTTTTY

0 5 10 15 20 25 30

Position (°)

Reference

Velocity (/s)

r

T
Unassisted
Assisted

o

Torque (N.m)

o
T

1 1 1
15 20 25 30

Time (s)

o
L
=)

FI1G. 5. Subject A : Abnormal walking pattern without and with controller

The use of the proposed controller resulted in a significant
improvement in ankle movement, particularly during the
swing phase. It can be seen that the correction of the
movement occurred at the beginning of dorsiflexion and
extended throughout the plantarflexion movement. The cor-
rection can be quantified using the position error, which has
been significantly reduced from 6.3° to 4.3°.

A full evaluation of the proposed approach has been
carried out for subject A through a rigorous comparison with
two state-of-the-art adaptive controllers. Fig. 6 shows the
average tracking performance for subject A, obtained with
the method proposed in [4] and the one presented in [5].

I Proposed method
[ Method in [4]
I Miethod in [5]

FI1G. 6. Subject A : Comparison performance with state-of-the-art methods
One can clearly observe that the proposed approach outper-
forms state-of-the-art methods in terms of tracking precision.
Unlike the methods in [4] and [5], the proposed controller
shows better tracking performance since the tracking error
is further reduced once the adaptive parameters converge to
stable values. Compared to the adaptive control approach
described in [4], which fails to reject disturbances and
doesn’t ensure the convergence of estimated parameters, the
method proposed in this paper provides effective compensa-
tion for external system disturbances and guarantees parame-
ter convergence via a projection operator. Additionally, the
control strategy outlined in [5] achieves similar outcomes but
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requires extra sensors such as IMUs and FSRs, a requirement
not present in the approach proposed here.
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FIG. 8. The mean position tracking error for all subjects

The average position and velocity tracking outcomes,
along with the assistance torque for each participant, are
depicted in Figure 7. In both assisted and unassisted modes,
all subjects exhibited marked improvement in ankle joint
positioning. For subjects A and E, assistance was specifically
targeted at plantarflexion during push-off and dorsiflexion
during the swing phase, aligning the ankle position with the
reference trajectory. Subjects B and D received assistance
in dorsiflexion, resulting in ankle positioning that adhered to
the reference trajectory throughout both the stance and swing
phases. Subject C demonstrated comparable tracking perfor-
mance. While the assistance torque varied among individuals,
it remained uniformly smooth and consistent. The gait cycle
correction is measured using the root mean squared error
(RMSE). Figure 8 presents the RMSE values for ankle joint
angles in both assisted and unassisted sessions, highlighting
a substantial reduction in RMSE.

V. CONCLUSION

In this paper, a funnel-based £; adaptive fuzzy control
approach for an actuated ankle-foot orthosis is proposed,
with the aim of assisting plantarflexion/dorsiflexion move-
ments of the ankle joint. The control scheme integrates

a fuzzy system with a projection-based adaptation me-
chanism to estimate the system parameters and enhance
the effectiveness of AAFO control. To tackle the time-
lag intrinsic to £; controllers, an auxiliary funnel-based
adaptive feedback controller is incorporated into the main
control framework. The resulting controller ensures that the
position error remains within a specified range, enhancing
overall performance. The stability analysis proved that the
closed-loop system exhibits bounded-input, bounded-output
(BIBO) stability. Experiments involving five healthy subjects
demonstrated the effectiveness of the proposed approach
in generating real-time reference trajectories customized to
individual walking speeds and gait phase durations. Fur-
thermore, it demonstrated superior performance in trajectory
tracking and robustness against external disturbances from
abnormal walking patterns when compared to state-of-the-
art adaptive control approaches. For future research, it would
be interesting to extend this control approach to all parts
of a lower-limb exoskeleton (hip, knee, ankle) and assess
its effectiveness on real patients, considering various lower-
limb movements such as walking on level ground, ascending
and descending stairs, and transitioning between sitting and
standing positions, among others.
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