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Abstract— The objective of this study is to focus on the fea-

sibility of a robotic solution for rehabilitation of children with

Cerebral Palsy (CP). For this purpose, to restore the walking

abilities and in order to stimulate the brain functionality, two

rehabilitation techniques have been compared (a conventional

rehabilitation and a robotized one). Results indicate that the

key of a performant exoskeleton with a good tracking of the gait

cycle is to use robust controllers to guarantee the tracking even

with kids’ parameter variations. A PD controller and a sliding

mode controller are implemented and compared in order to

prove the difference of their robustness. Through the proposed

solution, it has been shown that sliding mode control is more

robust than PD controller.

Keywords – Rehabilitation, Children, Cerebral palsy, Ex-

oskeletons, PD controller, Sliding mode controller.

I. INTRODUCTION

Robotic technologies in rehabilitation are rapidly expand-

ing fields. Since 1980, several appeared ideas combine the

technology evolution in robotic domains with the high brain

capacity [1]. In fact, studies on animals and humans prove

that the reorganization of the brain is highly dependent on the

intensity and the magnitude of the sensory motor activities

[2]. Physical exercises are important to reduce the spasticity

of muscles, especially for early age [3]. The cerebral palsy

[4] is the most neurological disease that causes balance and

speech impairments, as well as the motor disability. Accord-

ing to the statistics, between 2000 and 2010, in Switzerland,

39% of 2-year old children and 58% in USA have been

suffering from cerebral palsy [5]. The cerebral palsy can

appear due to several risk factors [6] such as congenital

malformations, fetal growth restriction [7], infection during

the fetal and neonatal period [8], untreated maternal hypothy-

roidism, perinatal stroke and premature birth (up to 15% of

more risk for kids who were born between 24 and 27 weeks

of gestation) [9]. Therefore, the rehabilitation should focus

on improving the locomotor function by training [10]. The

training can provide a sufficient and appropriate initialization

of the restructuring of neurons within the spinal cord. The

lost of the functional mobility may be caused by muscle

weaknesses, contracture in joint levels and spasticity (less

of foot contact with the floor). Nowadays, many companies
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worldwide sell robotic rehabilitation devices (eg. Lokomat,

Andago, Armeo, etc) for children in order to restore their

walking ability. Mainly two types of applications using these

devices exist; namely assistance or rehabilitation. Rehabili-

tation intends to improve and facilitate the motor function

progress by training therapy, while assistance aims to cover

the absent motor skills by providing a natural mobility even

with paralyzed limbs. Usually, two therapists at least should

help a child (in case of an obese child or child who has

a severe paresis) to move his legs along a normal gait

scheme. Besides, one session can take a long time which may

annoy children. Currently, the robotic rehabilitation shows

a great importance. In fact, it improves the conventional

rehabilitation outcomes and allows kids to exploit their

full potential of recovery. Moreover, some devices include

biofeedback systems to allow therapists to get more details

about the gait phases and applied forces, and allow patients to

get direct feedback during sessions. There exist five systems

used for lower limbs rehabilitation: (i) treadmill training with

a body weight support (Lokomat), (ii) body weight support

with programmable foot plate, (iii) over ground training

(Andago), (iv) stationary robotic training, and foot orthoses.

Besides, other methods of rehabilitation exist such as the

use of a humanoid robot to initiate the joint attention of

children. Indeed, the robot used to motivate the child to

repeat different scenarios of motion training. Approximately,

40% of children with cerebral palsy who begin the the

conventional rehabilitation in an early age, can restore their

normal gait. For the rest, the handicap ratio decreases and it

depends on the rate of spasticity.

When considering the posture variations and the physical

deformities [11] of kids suffering from cerebral palsy, the

control of such systems seems to be the most important

part of research. In fact, it is necessary to propose advanced

controllers which are robust against the parameter variations

of children.

This paper is organized as follows. Section II describes the

cerebral palsy, its background and its effects on the pediatric

population. Section III introduces the rehabilitation meth-

ods. Sections IV describes the used simplified model, the

proposed control solutions, and simulation results. Finally,

Section V presents our conclusion and future works.

II. CEREBRAL PALSY DISABILITY

A. Background on Cerebral Palsy

Cerebral palsy (CP) is the most common physical handicap

of childhood with a rate of 2 to 3 per 1000 births [12]. It

has several effects on the children and their families. Indeed,



it limits the potential development. Besides, the medical

treatments are costly and necessary in the same time.

There are three types of cerebral palsy [13]: (i) diplegia,

where both arms or both legs are damaged, (ii) hemiplegia,

where only one side of the kids’ body is diseased and (iii)

tetraplegia, when both upper and lower limbs are affected.

The principal part responsible of the muscle control is the

primary motor cortex. Hence, several neurological diseases

in the brain can lead to a muscle disorder as illustrated in

Fig. 1.

The common ability of children is that the brain shows a

Fig. 1. Neurological and muscle diseases

certain plasticity, which is an intrinsic property of the brain

that enable the adaptation to the environment, the psycho-

logical transformations and the new experiences. There are

different modes of the cerebral plasticity [14] including (i)

intensity variation of the cerebral activity, (ii) extension of

the active zones near the healthy zone which means the

mobilization of the inactive regions in the absence of lesions

to active ones, and (iii) development of new regions distant

from the functional area. To stimulate the brain plasticity,

an effective rehabilitation with a work intensity, an active

participation with a regular repetition of gestures and task-

oriented exercises are needed. Besides, several influencing

factors can be involved such as the age of the child and the

type and rapidity development of the lesion. Hence, the walk

training may improve motor skills and reorganizes the func-

tional structure of the primary motor cortex, which increases

the surface of the cortical maps (remapping: displacement of

brain functionalities to a nearby area).

B. Pediatric Population

Within the first two years, infants can develop 100% of

their body. Hence, they can elaborate their first steps of

walking. Some diseases can affect and delay their locomotor

ability at birth or even after, such as the cerebral palsy.

According to the statistics, 10000 babies are affected by the

cerebral palsy each year worldwide [15]. This disease can

only be diagnosed once in a lifetime, during pregnancy or

from 1 to 2 years old. Indeed, 35% of infants and new-

borns may present the risk of muscle weakness with ankle

dorsiflexors and plantarflexors, compared to normal children

[16]. Hence, it seems necessary to find an efficient solution

for this population. Nowadays, it does not exist any cure but

several treatments are used, such as tendon lengthening [17],

releases, selective dorsal rhizotomy [18], Botulinum toxin

injections [19], Baclofen, stretching, orthotics, and robotic

rehabilitation [20]. Recently, various studies have proved the

efficiency of the robotic systems in walking training. In the

sequel, the two rehabilitation techniques are presented.

III. REHABILITATION TECHNIQUES

A. Standard Rehabilitation

Rehabilitation therapy is intended for babies, children or

teenagers suffering from different kinds of disorders. In this

section, we will focus on delayed motor development. The

goal of this therapy is to improve and maintain child’s quality

of life, promote his/her social reintegration and teaching

him the appropriate actions and exercises. The standard

therapy is a conventional technique of rehabilitation where

physiotherapists focus on the rehabilitation of the functional

capacities of children. Since the child capacities are relatively

low, therapists try to correct all deformities and improve

the patient’s activity based on their own estimation. In fact,

young children have greater brain plasticity than adults. For

this reason, an intervention at an early age is recommended

to change the motor patterns.

Several are the therapeutic exercises used for children reha-

bilitation (cf. illustration of Fig. 2).

Fig. 2. Different therapy methods for kids rehabilitation

Among these exercises used for children suffering from

cerebral palsy, one can cite [21] :

• Doman and Delcato: a series of repetitive exercises,

aiming to achieve brain dominance and normalize func-

tionalities.

• Rood: focus on the sensory and motor functions in a

similar way and activate muscles by sensory receptors.

• Bobath: is the most used neurodevelopmental treatment

to improve tone, prevent abnormal primitive reflex pat-

terns and allow automatic reactions.

• Vojta-European Method: based on the activation of

the postural development and equilibrium reactions to

stimulate a normal development.

• Conductive Education: based on theory that difficulties

with motor dysfunction are problems of learning.



B. Robotized Rehabilitation

Several are the advantages of robotic devices used for

walking training (cf. illustration examlpes on Fig. 3). In fact,

they can improve (i) endurance, (ii) balance & coordination,

(iii) strength, (iv) motor planning, and (v) confidence.

Fig. 3. Illustration of some robotic devices for kids rehabilitation

Achieving functional walking ability is an important goal

for children, and such robotic systems [22] can be motivating

and challenging. In fact, lower-limb exoskeletons are highly

efficient in reducing the hard work of the physiotherapists.

Moreover, they can guarantee a high number of repetitions

(3300 steps per session vs 50-800 steps using standard

therapy) as well as longer therapeutic sessions. In this paper,

we are interested in the rehabilitation of kids aged from

two to ten years old. The difference of kids age lead to a

huge difference of morphology (limb lengths, masses, etc)

which prove the necessity of good control aspects of the

exoskeletons’ joints.

C. Control Related Issues

The most fundamental part is to control the lower limb

exoskeleton [23] using the performant and the adequate

controller. In fact, the proposed controller should be robust

against (i) the neglected dynamics in the model, (ii) the

human-device contact and friction forces, and (iii) morpho-

logical related uncertainties. More specifically, the control

strategies must be developed in order to follow the patient’s

movement intension and his motor abilities, despite, the

variability of the children parameters (different masses and

lengths, etc). It is also recommended that the developed

controllers should do the same as a therapist exercises

of gait scheme [24]. In this context, two controllers are

proposed, a classical PD controller [25] and a robust sliding

mode controller [26], in order to evaluate and compare their

robustness towards parameter variations.

IV. PROPOSED CONTROL SOLUTIONS

A. Simplified Model of the rehabilitation device

The lower limb exoskeleton (Fig. 3) is a complicated

system which allows the leg movements of kids. The effect of

the motor training may produce the ability to rewalk again

thanks to the brain plasticity. For this reason and in order

to control it, a simplified model (two degrees of freedom) is

proposed. The proposed simplified model includes the human

leg and the exoskeleton[27].
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where:

q = [q1 q2]
T ∈ R

2 represents the position vector of the hip

and knee joints, respectively,

q̇ = [q̇1 q̇2]
T ∈ R

2 is the speed vector,

q̈ = [q̈1 q̈2]
T ∈ R

2 is the acceleration vector,

M(q) ∈ R
2 is the inertia matrix, which is symmetric,

uniformly bounded and positive definite,

C(q, q̇)q̇ ∈ R
2 represents the Coriolis, and centrifugal forces

and torques,

G(q) ∈ R
2 denotes the gravity torques,

τ ∈ R
2 is the vector of actuator torques,

m1,m2, l1, l2 represent the mass and length of thigh and

shank segments of the exoskeleton, respectively,

mt ,ms denote thigh and shank masses of human limb,

k1,k2 are the position of the center of mass of thigh and

shank segments, respectively,

I1, I2, Is, It represent the moments of inertia of thigh and

shank of the exoskeleton and human limb, respectively,

g is the gravity acceleration.

B. Proposed Controllers

Two controllers are proposed. First, the proportional-

derivative controller (PD controller) which is widely used

in industrial applications. Its basic idea is to calculate the



error value between the desired and the actual trajectories

and then to apply a correction including proportional and

derivative terms. Hence, the control input τ will be expressed

by:

τ =−Kp(q− qd)−Kd(q̇− q̇d) (2)

Kd and Kp are positive feedback gains. qd and q̇d are the

desired trajectory and its velocity. Since the exoskeleton

is dedicated to kids with different ages, a robust sliding

mode control is also proposed. Such an advanced controller

is mainly characterize by its robustness towards parameter

variations. The sliding function can be expressed as:

s = ė+λ e (3)

with e is the tracking error, ė is the velocity tracking error.

It is required to take the system to the sliding surface

Hence, in case of s = 0, we obtain: ṡ = 0, then we obtain

successively:

q̈− q̈d +λ (q̇− q̇d) = 0 (4)

M−1(τ −Cq̇−G)− q̈d +λ (q̇− q̇d) = 0 (5)

We multiply by M, we obtain :

τ −Cq̇−G−Mq̈d +Mλ (q̇− q̇d) = 0 (6)

If s 6= 0, ṡ 6= 0, hence, to ensure robustness, we add to the

equivalent control giving an ideal sliding mode, ∆τ , which

is a high frequency discontinuous term

τ = τeq +∆τ (7)

with

τeq =Cq̇+G+Mq̈d −λ M(q̇− q̇d) (8)

we obtain

ṡ = M−1
∆τ (9)

where

∆τ =−MKsign(s) (10)

The Lyapunov function associated to the system is:

V =
1

2
sT s (11)

The objective of this choice consists to guarantee the min-

imization of s, and to goes to the sliding surface s = 0.

Moreover, remaining on the sliding surface, guarantees the

convergence to zero of the error e. Then, the differential of

V with respect to time gives :

V̇ = sT ṡ (12)

V̇ = sT M−1
∆τ (13)

V̇ =−sT Ksign(s)< 0 (14)

with K is diagonal positive matrix.

The major drawback of the sliding mode control is the

chattering phenomenon presented in the variations of the

control which can damage the actuators. In order to eliminate

this phenomenon, we propose to replace the sign function by

a smooth function as the hyperbolic tangent function defined

as :

tanh(x) =
ex − e−x

ex + e−x
(15)

C. Simulation Results

The walking cycle reference trajectories were generated

following the proposed method introduced in [28]. In this

section, simulation results are presented of both controllers

proposed in the previous subsection.
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Fig. 4. Position, speed and torque control of the hip joint, obtained with a
PD controller in the nominal case. solid line: actual trajectory, dashed line:
desired trajectory.
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Fig. 5. Position, speed and torque control of the knee joint, obtained with a
PD controller in the nominal case. solid line: actual trajectory, dashed line:
desired trajectory.

Figures 4 and 5 show respectively the position evolution

of the hip and the knee joints, the tracking error, their

speed and their applied torques using a PD controller in
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Fig. 6. Position, speed and torque control of the hip joint, obtained with a
PD controller with +50% and +25% of the leg mass and length variations,
respectively. solid line: actual trajectory, dashed line: desired trajectory.
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Fig. 7. Position, speed and torque control of the knee joint, obtained with
a PD controller with +50% and +25% of the leg mass and length variations,
respectively. solid line: actual trajectory, dashed line: desired trajectory.

the nominal case. In order to test the robustness of this

controller, parameter variations are considered. Due to the

different morphologies of children between 2 and 10 years

old, we have tested the case when +50% and +25% of the

leg mass and length changes, respectively. Figures 6 and 7

show that the trajectories follow the desired gait but with

a significant tracking errors and the torques become high.

Hence, it is proved that the PD controller is not robust

against parameter variations.

In the sequel, simulation results of a robust sliding

mode controller are presented. Two scenarios have been

introduced: the first in the nominal case (Figs. 8 and 9) and

the second, with parameter variations (Figs. 10 and 11).

These figures show the robustness of this controller thanks

to a good tracking of trajectories for the hip and the knee

joints with performant torques values.
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Fig. 8. Position, speed and torque control of the hip joint, obtained with
a sliding mode controller in the nominal case. solid line: actual trajectory,
dashed line: desired trajectory.
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Fig. 9. Position, speed and torque control of the knee joint, obtained with
a sliding mode controller in the nominal case. solid line: actual trajectory,
dashed line: desired trajectory.

V. CONCLUSION AND FUTURE WORK

In the present paper, an overview about the cerebral

palsy disease is presented. Research studies show that with

extensive training sessions, kids suffering from cerebral

palsy can restore their walking mobility. In this context,

two controllers have been proposed and implemented into

a simplified model of exoskeleton used for rehabilitation.

Through simulations, it has been shown that the sliding mode

controller is robust against parameter variations contrary to

the PD controller. In future work, a deeply study on the

model of the exoskeleton will be addressed. The proposed

controllers will be implemented on the real exoskeleton and

tested on healthy child first, then on cerebral palsy children

population in cooperation with clinical staff of rehabilitation.
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