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Abstract: This paper presents a mechatronics design of a gait-assistance exoskeleton for therapy in
children with Duchenne muscular dystrophy (DMD). This type of muscular dystrophy is a severe
condition that causes muscle wasting, which results in a progressive loss of mobility. Clinical studies
have shown the benefits of physical therapy in prolonging the mobility of patients with DMD.
However, the therapy sessions are exhaustive activities executed by highly qualified rehabilitation
personnel, which makes providing appropriate treatment for every patient difficult. This paper
develops a mechatronics design of a gait-assistance exoskeleton to automate therapy sessions. The
exoskeleton design uses adaptable mechanisms to adjust the device to the patient’s needs and includes
the design of a series-elastic actuator to reduce the effects of nonalignment of the rotation axis between
the exoskeleton and the patient. A mathematical dynamic hybrid model of the exoskeleton and
a child’s body is developed using anthropometry of a population of six-year-old children. The
hybrid model is used to design a nonlinear control strategy, which uses differential geometry to
perform feedback linearization and to guarantee stable reference tracking. The proposed control law
is numerically validated in a simulation to evaluate the control system’s performance and robustness
under parameter variation during therapy with trajectory-tracking routines.

Keywords: gait exoskeleton; wearable robots; biomechatronics; mechatronics design; Duchenne
muscular dystrophy

1. Introduction

Duchenne muscular dystrophy (DMD) is a disease that affects approximately 4.78 per
100.000 born male children [1,2]. DMD is produced by an X-linked recessive dystrophy
myopathy caused by the absence of dystrophin proteins in the muscular system, myocardium,
and brain [3]. This pathology is characterized by muscular weakness that leads to early
confinement in a wheelchair. Several complications may arise during the course of the
disease such as irregular muscle fatigue, lack of stability during walking, and cardiac
and respiratory complications, especially during adult ages [4]. A few years ago, DMD
was considered a disease with zero treatment expectations; however, nowadays, there are
methods used to slow down the natural evolution of the disease through early diagnosis
and specialized treatments. These treatments include the use of corticosteroids such as
prednisona and deflazacort [5], as well as gene and stem cells therapy [6]. One of the most
effective treatments to slow down the muscular dystrophy evolution is physical therapy
with muscular stretching and nutritional supplements to maintain symmetrical muscle
mobility [7].

Physical therapy for individuals with DMD has been shown to be helpful in monitoring
changes in strength, range of motion, and functional mobility. Additionally, it provides
a tool for interventions in and education of individuals and their families on stretching,
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positioning, and activity pacing [8]. Nevertheless, providing constant and reliable therapy
is a complex task due to the limited access to rehabilitation centers. This is a common
problem for illnesses that require physical therapy. Nowadays, progress has been made to
tackle this problem with an engineering perspective using exoskeletons to assist movement
that improves functional walking ability [9]; however, the development of such tools for
the treatment of DMD patients has been scarce. Applications of wearable arm exoskeletons
have been developed for assisting patients with DMD and help them to improve their
performance in the execution of daily life activities [10]. These applications allow for
enhancing upper extremity function of DMD patients via robotic exoskeletons [11-13]
However, less attention has been devoted to the development of exoskeletons for lower
limb assistance or therapy.

Consensus on the treatment of patients with DMD has pointed out that appropriate
physical therapy could reduce the rate of progression of the disease [7]. These treatments
should be formulated by a multidisciplinary team including neurologists, pediatrics, neu-
rologists, and rehabilitators, which should adapt the therapy to the patient’s stage of clinical
progression. However, performing physical therapy according to medical recommenda-
tions could be challenging due to the lack of appropriate technological tools. The aims of
treatment during the early DMD phases are devoted to maintaining a level of activities that
preserves the ability to perform daily functions. In this way, to maintain muscle strength,
the use of orthopedic devices such as knee-ankle—foot orthoses (KAFOs) could prolong
the patients’ independence and mobility [14]. The early stages of DMD are focused on
preserving muscle extensibility and joint mobility and symmetry to prevent contractures
and deformities [15]. To accomplish the objective of maintaining the muscles and joints’
functionality, each patient should receive between four to six sessions of physical therapy
per week [16]. However, achieving this high frequency of therapy is not feasible because of
the limited medical personnel available at these therapy centers. This reveals the need for
the development of technological tools that allow for preventive management of muscle
flexibility and extensibility.

Gait exoskeletons have been used to assist therapy of children that suffer cerebral
paralysis [17] and spinal muscular atrophy. Atlas 2030 is a robotic system that supports
patients from the trunk to the feet and provides mobility to lower limbs and trunk stability.
Likewise, it is the case of ReWalk, an exoskeleton that combines robotics and human
assistance for people who have suffered spinal cord injury [18]. Although several patients
have shown huge improvements in their daily life, these kinds of devices have been scarcely
developed for children [19]. This shows a lack of socio-philosophical perspective during the
definition of the design principles of wearable robotic exoskeletons for people with DMD,
which should include a patient-based approach to increase the acceptance of exoskeletons,
reduce the stigmatization, and deal with the dilemma of assistance and acceptance of the
technology [20].

The control strategy implemented into a gait exoskeleton is a pivotal point in the
successful acceptance of a wearable exoskeleton. Specifically, control strategies for gait
assistant exoskeletons vary according to the therapy objectives or the patient’s mobility
disorder. In general, the control architectures of wearable exoskeletons are divided into
three hierarchy levels: (1) a supervisory level, (2) an impedance control level, and (3) a
position/torque control level [21]. The top level performs a supervisory activity that
defines the control objectives. In this part of the control architecture, a finite state machine
is commonly used to determine the controller’s operation mode. These operation modes
could be selected based on technologies that use manual command devices that work as a
patient interface to the exoskeleton [22-24], bio-electrical signals that act as event-triggers
with myoelectric signals or brain—-computer interfaces [25,26], or motion and force sensors
that identify movement intention [27,28].

The intermediate control level focuses on impedance control, which is devoted to the
interaction between the exoskeleton and the patient. This control level looks to promote the
active participation of the patient during therapy in such a way that the exoskeleton assists
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with motion as needed [29]. Although the impedance control could result in significant
progress in the rehabilitation process, this is a technique not suitable for patients with
low muscle strength. In these cases, low-level control takes special importance because
it could impose a tracking control policy to follow a predefined trajectory. This activity
has a strong influence on driving human motor learning by reinstating neuroplasticity
and improving motor functions [30]. In this control level, feedback control strategies
are used to guarantee that the exoskeleton performs motion along a predefined trajectory,
which is generally adjusted by rehabilitation personnel according to the treatment required
for each patient. Alternatively, nominal gaits of healthy people are used as a walking
reference pattern. This reference pattern is adapted according to the interacting forces
between the patient and exoskeleton to adjust the target trajectory and to adapt the gait
pattern to the patient’s needs [31]. This is the case of dynamic trajectory adjustments based
on impedance control strategies [32]. Exhaustive reviews about control strategies used in
assistance exoskeletons were presented in [33-35], where the use of predefined trajectories
based on healthy people’s gait was identified as a trend.

Considering the loss of muscular strength that DMD patients suffer, this paper pro-
poses a tracking trajectory control strategy with predefined gait pattern, and a supervisory
system to define the operation mode. Here, the operation mode selection depends on
the contact conditions between the feet and the ground, which must be recognized with
external sensors installed to identify the support leg and the motion intention [36].

This research carries out a mechatronic design of an exoskeleton to aid the lower limbs
movement of children that have been affected by DMD. The main contribution of this
research is the development of a nonlinear control strategy for the hybrid system formed
by the exoskeleton and the child’s body. The proposed controller is used in a simulated en-
vironment during therapy with children affected by DMD, where the controller is devoted
to achieving trajectory tracking that ensure reliable therapy. These simulations provide
evidence of the controller’s robustness and performance. The remainder of this paper
is organized as follows: Section 2.1 describes the mechatronic design of the exoskeleton.
Section 2.2 presents the dynamic model of the hybrid system formed by the exoskeleton
and child. Section 2.3 proposes a nonlinear control based on differential geometry tools to
guarantee a trajectory tracking task. Section 3 contains the results of numerical evaluations
of the exoskeleton in a simulated environment. Section 3.1 includes an analysis of the
performance and robustness of the controller evaluated with parameters variation. Finally,
Section 4 summarizes the accomplishments of this work and draws recommendations for
future implementations.

2. Methods
2.1. Exoskeleton Design

Active exoskeletons are electromechanical devices built as augmentative systems that
enhance the patient physical performance. The mechanical design of a gait exoskeleton
considers the kinematic chain formed by the legs attached to the robotic system with a
grounded pivot located at the hip joint [37]. In order to design a system to help children
with DMD, it is considered the anthropometric data of Latin American children between
the ages of five and eight years old [38]. Since a child’s growth rate is approximately 6-7 cm
and 3-3.5 kg per year [21], the dimensions are susceptible to high variability; therefore, the
exoskeleton mechanisms are designed to be adaptable to each patient’s needs. In order to
make the exoskeleton suitable for a large range of patients, the mechanisms are designed
with the anthropometric mean values shown in Table 1 and with extendable elements.
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Table 1. Anthropometric measurements of Latin American children.

Anthropometric Measurements

Body Type of Min. Size Max. Size
Section Measure (mm) (mm)
et 5

Considering the variability of the anthropometric measurements, an adaptable mech-
anism is designed to fit each patient’s requirements. In this way, Figure 1a shows a
mechanism of nut-screw used to extend or shorten the length of the exoskeleton’s thigh
and forefoot. In the same way, a back support mechanism is designed using the assembly
system shown in Figure 1b, which allows for a natural walking process considering the
torso elevation and declination. One of the main challenges in orthopedic devices design is
to find the appropriate attachment between the machine and the patient. In this design, the
effects of misalignment between rotation axes of the exoskeleton and the patient legs are
mitigated by using a motion transmission system that includes a magnetic brake, shown
in Figure 1c, which is coupled to the flexible actuator shown in Figure 1d. The use of a
series elastic actuator allows for minimizing energy consumption, reducing the required
peak motor torque, and attenuating the impacts produced during leg support exchange
in bipedal walking [39]. Recent designs of lower-limb exoskeletons have pointed out the
benefits of using compliant mechanisms to offer the patients adaptability, safety, efficiency,
and comfort [40]. The complaint mechanism used here is adapted from our previous work
in the construction of a compliant knee orthosis for rehabilitation [41]. In this transmission
system, the magnetic brake works complementary to the actuators to allow the locking of
any joint at any time. This permits reconfiguration of the mechanism to a standing position
without using the action of the motors, which results in reduced energy consumption.
Figure 2 shows a lateral view of the exoskeleton assembly, which includes the distribution
of the adjustable mechanisms, the actuators, brakes, and lumbar support.

i
a

(a) Thigh mechanism (b) Back support mechanism

Figure 1. Cont.
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(c) Magnetic brake (d) Flexible serial actuator

Figure 1. Exoskeleton mechanisms.

Lumbar |
support I

Adjustable
mechanisms

Electric
brake

Figure 2. Exoskeleton main design.

2.2. Hybrid Dynamic Model of Exoskeleton and Child’s Body

Since the exoskeleton is designed for children between five and eight years old [38],
the kinematic chain formed by the child’s body and the exoskeleton is computed to analyze
the motion of a natural walking process, where the balance of the body must be kept and
guided by the movement of the swing leg, while the support leg joints are locked by the
electrical brakes. Figure 3 shows a kinematic model of the hybrid system, where the blue
and red dots represent the limb center of masses and the joint positions, respectively.

In order to numerically simulate the dynamic behavior of the hybrid system formed by
the child and exoskeleton, two dynamic models are built to reproduce the walking during
the single support phase in the sagittal plane. The first model uses the Simscape Multibody
software from Matlab®, which allows for modeling and simulating the multibody mechan-
ical systems without extracting mathematical equations. This numerical model is used to
test the control strategies in a relevant simulation environment. The second model is built
using mathematical expressions that allow for designing a control strategy that ensures
closed-loop stability.

Given the short time span of the double support in bipedal walking, the dynamics
of this phase is neglected and considered as an instantaneous event [42]. Here, the same
approach is used; therefore, the focus is on the single-support walking phase, where one
leg is over the ground while the other leg is in forward motion. Thus, the mathematical
model considers the swing leg as an open kinematic chain with three actuated degrees of
freedom (DoF) and the support leg as an inverted pendulum with the joints locked by the
electrical brakes and the contact between the support leg-end and the floor as a passive
pivot. Even though the support leg has actuated joints, the idea of activating the brakes
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to impose motion restriction is proposed to reduce the torque requirements and energy
consumption, leaving the support leg motion as a passive element.

800 —
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800 200 -107(; 07 0
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Figure 3. Kinematic model system.

Since the motion is analyzed in the sagittal plane, the Lagrange method is used to find
the governing equation of the planar mechanism. In this scenario, the angular position of
the swing leg’s hip, knee, and ankle are defined, as shown in Figure 4, with the generalized
coordinates q := [0; 62 63]7, respectively. Those coordinates are used to define the Euler-
Lagrange equation as follows:

D(q)4+C(q,9)9+G(q) =T, 1

where D(q) is the inertial matrix; C(q, q) is the matrix of Coriolis and centripetal forces;
G(q) is the matrix of gravitational effects; T := [1; T, 3" is the vector of external torques;
and q and { are the vectors of angular velocities and accelerations, respectively.

Figure 4. Generalized coordinate distribution.
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Angular pos. (rad)

To set a validation test, the natural and forced responses of the model are simulated
using the body parameter shown in Table 2. First, the natural response is obtained by letting
the mechanism be in its initial condition, different from the rest position, and by releasing
it without torque input. The mechanism shows its natural behavior when approaching
an equilibrium point, as shown in Figure 5a. This figure allows us to identify the resting
position of the mechanism and shows the damping effect on the joint’s behavior. The
second validation test looks for a forced response. In this case, the mechanism with similar
initial conditions to the previous test is exposed to a constant input torque of 2 Nm in each
joint. The results of this simulation are shown in Figure 5b, where how the mechanism
approaches a final position is visible, which is different than the resting position of the
natural response. This test allows us to identify the control input gains, which are positive
for the hip and knee joints and negative for the ankle.

0.4

-0.8

—Hip —Hip
Knee
Ankle

Angular pos. (rad)

0 5

10 15 0 5 10 15
Time (s) Time (s)

(a) Natural response (b) Forced response

Figure 5. Model validation tests.

Table 2. Physical body-exoskeleton design criteria.

Body Section Mass (kg) Inertia (kg-m?) Frl(i;oglg(s))e f. C[E;Z:Z rz?irl:lr:fs
Fixed leg 11.12 1.120 0.8 [0, 0, 338]
Trunk 18.05 2.080 0.8 [0, 0, 235]
Thigh 7.46 0.138 0.8 [0, 0, 158]
Foreleg 3.66 0.031 0.8 [0, 0, 338]
Foot 0.89 0.002 0.8 [29, 67, 47]

2.3. Motion Control Strategy

The control architecture proposed in this paper includes a supervisory level and a
trajectory tracking level. The complete motion control strategy is graphically described
in Figure 6. In this control strategy, the supervisory level selects the operation mode,
which in this case is a definition of which leg is supporting the body weight and which
leg is swinging forward. This selection is executed based on the information from force
sensors installed under the exoskeleton feet. After the roles of each leg are defined, the
supervisory control activates the electrical brakes from the support leg and starts the
tracking control in the swing leg. The tracking control is divided into a trajectory design
task and a trajectory tracking control law. The trajectory design task is defined according
to the medical treatment or therapy objectives. It could be a repetition of a prescribed
isotonic exercise or even the execution of a normal gait. The tracking control law looks to
ensure that the exoskeleton performs the assigned task in a safe way. This is a challenge
that involves guaranteeing closed-loop stability under the parameter’s uncertainty due
to the variability related to the changing anthropometric measurements of each patient.
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Each task involved in the exoskeleton’s motion tracking control is further developed in the
following sections.

Supervisory control level Feet force

. . sensors
Swing leg selection

_________________________________________

' 1
1 1
I . Nonlinear ’ !
u

| Trajectory tracking ]— ) ' !
| generation y I
. controller ““ |
| [ > ¥ i
|

! q :
v Trajectory tracking level !

Figure 6. Motion control strategy.

2.3.1. Trajectory Design Based on Gait Parameters.

In physical therapy, the gait pattern is defined by the medical personnel and should be
adapted to each patient’s needs. Therefore, an adaptable trajectory generator is necessary
to satisfy the flexibility required in an assistant exoskeleton. In this sense, a target trajectory
for each joint is defined through the selection of the coefficients of smooth polynomials,
which satisfy a set of kinematic constraints defined by the physician. To guarantee a smooth
motion, the target trajectories are determined based on the mathematical structure of Bézier
polynomials, which have bounded derivatives and allow us to define the trajectory as a
function of the step time, T [43]. Then, the reference trajectories are given by the following:

M!

M ! . .
* _ . i1 _ \M—i c
q] (S) _l;()IBIJﬂ(M*l)'S (1 S) 7 ]_1/2/3/ (2)

where M is the polynomial degree; B;; is the ith coefficient of the jth polynomial; and
s is a transition variable with values between zero and one, both included. s is defined
as follows:
5= T

where ¢ is the elapsed time since the beginning of each step.

Based on the mathematical structure of the Bézier polynomials, a cost function is
defined to minimize the torque required to perform the target trajectory. In this case, the
cost function is defined as follows:

T
J8) = | I B, ©
where T* is the result of the inverse dynamics of (1), such as that
™ =D(q")§" +C(q",9")q" + G(q"), )
where using (2), the position reference vector is defined as q*(s) := [q;(s) q5(s) g5(s)]T
and its first and second-time derivatives are defined as
« \ _ 0q*(s)ds
and 3¢ (s) d
ok *(s) ds
g (s) = 2L (6)

ds dt’



Appl. Sci. 2023,13, 839

9o0f 16

respectively. Thus, the coefficients of the Bézier polynomials are selected by solving the
optimization problem:

find ‘Bi,j, Vi,j, such that:
min  J(B)
subject to: dynamic constraints, )
kinematic constraints,
safety constraints,

where the dynamic constraints include the exoskeleton and child’s dynamics computed
in (1), the kinematic constraints are selected according to the therapy conditions, and the
safety constraints are set to prevent injuries due to over-elongation of the muscles or the
transition through non-anatomical positions.

In order to evaluate the exoskeleton’s motion control strategy, the kinematic constraints
are defined to set a gait pattern, which uses as input parameters the step length, step angle,
cadence, speed, and time of each step. Table 3 shows the parameters of a healthy person’s
gait, which are used to define a nominal gait pattern. Based on the defined gait parameters,
a trajectory is planned to perform a forwarding motion, as shown in Figure 7. This trajectory
considers a sagittal walking that ensures smooth motion through the imposition of initial
and final velocities and accelerations equal to zero.

Table 3. Gait trajectory parameters [44] .

Step Length Step Angle Cadence Speed Step Time
(m) (degrees) (steps/min) (m/s) (s)
Value 0.68 [102 to 78] 20 0.226 3

0.1

z 7

-0.1 .

-02 .

-03 .

Z axis (meters)
S
~
T
==_
1

-0.5 f .

-0.6 .

_08 Il Il Il Il Il
-05 -04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5

X axis (meters)

Figure 7. Evolution of the leg trajectory in the sagittal plane.

2.3.2. Nonlinear Tracking Control Strategy

In order to perform a stable and smooth motion, a nonlinear controller based on a
feedback linearization strategy is designed [45]. Using the Euler-Lagrange Equation (1),
the nonlinear model is presented in an input affine state space representation as follows:

x =f(x) + g(x)u, 8)
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T
where x := [ q ] is the state vector, u := | T | is the vector of control inputs,
q T
q
f(x) = _ N , 9
0 ={ prgi-ciaq- o] ©
and
0
g(x) = { D1 (q) } . (10)
Based on the model (8), the control output is defined as follows:
y:=h(x)=q-q", (11)

where q* is the reference trajectory computed in Section 2.3.1.

To find a mathematical form that expresses the output vector as a function of the
control-input vector, successive time differentiations of (11) were performed until the
vector of control-input signals is explicit. Since the trajectory references are designed to be
smooth, their time derivatives are negligible. Then, the time differentiation result is

dy  oh(x).

i R (12)
= [ B 2 if(x) + g(xul, (13)
= Vh(x)f(x) + Vh(x)g(x)u, (14)
— Lsh+ Lehy, (15)

where Vh(x) is the gradient of h(x), and L¢h and Lgh are the Lie derivatives of h(x) along
f(x) and g(x), respectively. Given that Lghu is equal to zero, the first time-derivative of the
output is independent of the control input; therefore, the second derivative is necessary.
This is,

d? x) .
@ = AR & e "
= Lh+ LgLshu, (17)

where L%h is the second Lie derivative of h(x) along f(x) and LgL¢h is a decoupling term
that is locally invertible around the operation region [46].
Considering the local transformation in (17), a feedback linearization control law is
defined as follows:
u=LgLsh! (—L}h n y), (18)

with ¢ being an auxiliary control signal to be specified. Applying the control law (18)
to (17), the resulting dynamics
Ty _ 19
T (19)
are shown to be linear. However, the stability of (19) is unknown. To guaranty a stable
behavior, y is defined as

._ dy
W= _Kda - Kpy, (20)

where K; and K, are diagonal matrices used as control gains, which are selected to be
strictly positive. This results in a Hurwitz system with the form:

e d
d—g i Kdd—}t’ +Kyy =0, (1)
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Angle (rad)

Angle (rad)

Angle (rad)

which is asymptotically stable.

3. Results
3.1. Numerical Analysis

In order to evaluate the performance and robustness of the nonlinear controller, two
numerical simulations were carried out over a relevant simulation environment. These
simulations reproduced the physical conditions of a rehabilitation therapy room. The
selected controller’s gains are

18 0 0 80 0 O
Kp=10 18 0 and 0 8 O
0 0 18 0 0 80

The first simulation considers the evaluation of the hybrid system under nominal
conditions during a step with the swing leg tracking the precomputed trajectory and
the support leg locked with a unactuated pivot between the support foot and the floor.
The evolution of motion is shown in Figure 8, where it is possible to identify satisfactory
trajectory tracking with bonded control signals. The performance of the controller is
quantified with the integral square of the error (ISE) and with the integral square of the
control signal (ISU), which are defined as follows:

t
ISE = / "eTe dt, (22)
0
tf T
Isu := / u udt, (23)
0

where e is the vector of tracking errors, defined as

6, — 6;
€= 92—9; ’
03 — 63

and t¢ is the evaluation period of time, which in this case corresponds to three seconds.

Thigh

10 40
//-\\ —q; TE\ 20 l 1 4 N 1
0.5 ~_ %+ Z
= 0 i ¥ ¥
rd e V!
0 -20 4 |
e I |
Knee
0
\ q;
1.0 \\ // —ay| |
\_/
-2.0
Ankle
1.5 -
\\ s
\ _q3
e —
1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Time (s) Time (s)

Figure 8. Nonlinear control for trajectory tracking.

The second simulation test evaluated the controller robustness against parameter
variation, which is a typical case in the use of exoskeletons with different patients or with
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the same patient over an extended period of time. In this case, the nonlinear control was
evaluated with variation in the patient’s masses. With this purpose, nine simulations were
conducted with numerical models of children with masses between 80% and 120% from
the nominal mass values. Figure 9 shows the system behavior in each simulation scenario
with an envelope that bound all the deviations from the nominal behavior, which confirms
the controller robustness against parameter uncertainties. The performance indexes, ISE
and ISU, of the evaluations with parameter variation are shown in Figure 10. This figure
highlights the deviation of the indexes from the nominal value, which allows for measuring
the performance degradation with respect to parameter variation. The worst-case scenario
was compared with the nominal behavior in Table 4, where the performance indexes of
both simulations, nominal and parameter variation, are registered. The difference between
these indexes is irrelevant, resulting in a controller whose performance is not substantially
degraded by variations in the children’s anthropometric parameters.

Table 4. Performance indexes.

Index ISE ISU
Nominal conditions 0.00056 36,725
Variation of parameters 0.00077 37,336
Thigh
1.0 w =

Knee
— 0 T —
©
o
©-1.0F -
(@)
<
_20 | | | | |
0 0.5 1 1.5 2 2.5 3
Ankle
15 ‘
©
©
fo)
o
<
1-0 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 9. Nonlinear control robustness test against parameter variation. (Nominal behavior: central
line, parameters variation: shadow.)

In order to develop a visual inspection of the motion evolution during walking therapy,
a virtual scenario was designed, which reproduced the therapy environment. As shown in
Figure 11, the virtual scenario is used to evaluate the exoskeleton during a single-support
walking phase. This simulation shows stable walking, with the exoskeleton performing a
smooth evolution of motion (https://youtu.be/z5kDJDO2Wuk).
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Figure 10. Robustness and performance indexes with parameter variation.

Figure 11. Virtual scenario for walking rehabilitation.

4. Conclusions

A mechatronics design approach was used to develop a gait-assistance exoskeleton
for therapy in children with Duchenne muscular dystrophy. This exoskeleton aims to
increase the autonomy of patients with advanced muscular dystrophy. In this way, an
adaptable mechanism was designed to fit the requirements of patients, and a nonlinear
control strategy was designed to assist with gait control by tracking predefined trajectories.
The proposed controller was evaluated in a virtual scenario under nominal operation
conditions with the body parameters of a six-year-old child. The controller’s robustness
and performance were computed using indexes to quantify the integral square error and
the integral square control signal. These evaluations showed evidence of an effective
performance of the nonlinear control under uncertain conditions.

The nonlinear controller evaluations showed evidence of a robust performance during
the trajectory-tracking control task, which confirms that feedback linearization based on
differential geometry transformation is a suitable methodology to design feedback-control
strategies for gait-assistance exoskeletons. Future implementation of the proposed nonlin-
ear control technique should consider the external disturbances produced by the interaction
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between the patient and the exoskeleton. Although these interactions are bounded loads,
they could reduce the performance of the controller or saturate the motor actuators.
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