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Abstract— This work describes the development and control
of a robotic lower limb exoskeleton (LLE) for the mobilization
of pediatric users. The structural design of the LLE considers
the anthropometric dimensions aside from the range of motion
required to execute a normal gait cycle of pediatric users.
The proposed system considers six degrees of freedom, three
for each leg, corresponding to the flexion/extension of the
hip, flexion/extension of the knee, and dorsiflexion/plantar
flexion on the ankle. The system’s manufacturing materials
include aluminum profiles, aside from 3D printing segments of
polylactic acid. Regarding the electronic instrumentation of the
LLE, a set of six brushless motors was considered to provide
movement of each joint. All the actuators are controlled by
a Texas Instrument LAUNCHXL-F28379D microcontroller in
which a first-order sliding mode control is embedded to regulate
the trajectory tracking of the LLE. The results showed that the
LLE can perform trajectory tracking considering an RMSE less
than 0.0863 rad.

Index Terms— Pediatric users, Lower limb exoskeleton, Gait
trajectory tracking, Sliding mode control.

I. INTRODUCTION

Locomotor disabilities are conditions that affect an indi-
vidual’s ability to move or perform motor functions [1]. This
condition affects mainly the adult population worldwide.
However, another population that is also affected is the
pediatric population; more than 106 million children aged 0-
14 years are estimated to have a disability [2]. In the context
of the Mexican population, it is estimated that more than
123,000 children between 5 - 17 years of age have difficulty
walking, climbing, or descending stairs using their legs [3].

Conventional pediatric rehabilitation methods are physical
and occupational therapy, which usually use assistive devices
[4]. These methods require significant patient effort and
the physiotherapist’s expertise for better results. However,
in some cases, the number of patients exceeds the number
of physiotherapists in most healthcare systems, making it
challenging to preserve the quality of therapy in aspects such
as the number and intensity of movements.

Considering the mentioned challenges, there has been an
interest in developing new rehabilitation methods; among
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under Grants: SIP-20250223, and SIP-20250253. The authors thank the sup-
port provided by Secretarı́a de Educación, Ciencia, Tecnologı́a e Innovación
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those that stand out is robotic rehabilitation. An example of
this is lower limb exoskeletons (LLE), which are designed to
restore, improve, or maintain the functionality and mobility
of people with motor disabilities, acting an external support
to allow movement of the limbs [5], [6].

Although LLE has proven to be a promising solution,
the availability of pediatric LLE is limited since its design
demands variations in anthropometric measurements, muscle
strength, speed, weight, and range of motion, among others
[7], [8], [5]. Then, an open problem in LLE design is
to propose lightweight and adaptable mechanical structures
with powerful actuators that ensure the required torque for
joint movements while being safe for pediatric users. In ad-
dition, sensors should be included to monitor biomechanical
parameters such as position and velocity in each joint to
implement a control algorithm to ensure the execution of
rehabilitation movements.

In this context, some pediatric LLE has been developed
[9], [10], [11], [12]. However, most consider in their structure
only two degree of freedom (DoF) on the sagittal plane,
which does not guarantee adequate locomotion since most
activities of daily living, such as walking, running, and sit-
ting, are performed with movements in three DoF aligned on
the sagittal plane, in which is generated flexion and extension
of the knee, hip, and ankle [9], [13]. The LLE devices, which
consider at least three DoFs, have disadvantages such as
being bulky, heavy, or with an extra support element such as
canes or walkers, making them complex to use for pediatric
patients [11].

Another relevant factor in the development of LLEs,
is the control method to regulate its movements, In that
sense, there is a wide range of algorithms in the literature,
such as the focus on position regulation, which employs
predefined reference trajectories and are characterized by
being approved for users who can not move their limbs due to
lack of muscle strength [14]. The most widely implemented
are proportional-derivative (PD) and proportional-integral-
derivative (PID), which, although simple and effective under
controlled conditions, have limitations in handling uncertain-
ties and nonlinearities [15], [16], [17].

On the other hand, advanced control strategies, such as
sliding mode control (SMC), offer significant advantages due
to its robustness, faster convergence, and structural simplic-
ity, as it does not require a detailed system model and also
its implementation in exoskeletons with better performance
compared to controls such as PD and PID [18], [19], [20].

Based on the previous ideas, this work proposes a proto-
type of a pediatric LLE, designed for school-age users (7-10



years old). The device considers three DoF in each limb,
driven by brushless motors. As part of the control algorithm,
a SMC coupled to a Super Twisting Algorithm (STA) as
a robust exact differentiator is implemented to regulate its
movements. In the subsequent sections, the structural design
of the LLE and the proposed electronic instrumentation,
aside from the implemented control algorithm, is presented.

II. EXOSKELETON SYSTEM ESCRIPTION

This section presents the criteria for the design of the LLE
named Exrria-Buddy. Then, the ranges of motion (RoM),
aside from the kinematics of the system were defined.

A. Design criteria
The proposed LLE was focused on pediatric users, pre-

cisely those aged from 7-10 years. Two criteria were defined
to design the system structure: 1) anthropometric measure-
ments of children from the Latin American population and 2)
its standard RoM. According to the data reported in [21], [22]
and in [23], [24], the longitudinal ranges aside from the RoM
were defined for the pediatric users. Table I summarized the
considered parameters, where F and E denote flexion and
extension movements, respectively.

TABLE I
BIOMECHANICAL PARAMETERS CONSIDERED FROM PEDIATRIC USER.

Anthropometric measurements Range of Motion (RoM)
Segments Length range [cm] DoF F [deg] E [deg]

Foot sole–hip 65–76.1 Hip 126.4 23
Foot sole–knee 33.5–39.7 Knee 154 6.9
Foot sole–ankle 5.7–6.3 Ankle 27 69.4

Bitrochanteric diameter 21.3–30.3 – – –
Height 121–151 – – –

B. Structural design
The proposed LLE considers in its mechanical structure an

adjustable hip support (blue) and two extremities integrated
by three revolute joints, aligned with the user’s joints corre-
sponding to the hip (purple), knee (pink), and ankle (orange)
in the sagittal plane, shown in Figure 1, where a schematic
view is shown.

Fig. 1. Schematic view of the pediatric LLE.

In the same figure, ql,α, ql,β , and ql,γ , denote the corre-
sponding joints of the hip, knee, and ankle. The subscript l,
with l = {1, 2}, describes the left (l = 1) and right (l = 2)
limb of the LLE. Also, the system’s main dimensions are
presented, where 48 cm ×30 cm ×96 cm correspond to the
length, width, and height, respectively.

Regarding the considered RoM in the LLE, its mechanical
structure was designed to achieve the joint angles observed
during a normal gait cycle. Even though pediatric users have
the maximum RoMs listed in Table I, the angles executed
during a normal gait cycle are lower. Keeping this in mind
and considering a safe angular displacement in each joint
of the pediatric user, the RoM that the LLE can perform is
presented in Table II.

TABLE II
CONSIDERED ROM OF THE LLE.

DoF F [deg] E [deg]
Hip 102 19

Knee 124 6
Ankle 22 56

Notice that to guarantee the users’ safety, each joint was
designed to have a mechanical stop, which, in case needed,
avoids the transgression of the RoM previously defined.

C. Manufacture process
As part of the manufacturing process, three-dimensional

(3D) printing systems were used to make the segments inte-
grating each joint in the LLE, i.e., black and white segments
without considering fabric belts in Figure 2. Here, polylactic
acid (PLA) filament was considered a manufacturing material
due to its wide application in bioengineering, such as the
development of orthoses, because it is a biocompatible
material and its versatility of production [25].

Regarding the first section of the LLE, the adjustable hip
support considers a relevant element, a set of linear bearings
capable of adjusting the length of the hip from 20 cm as
a minimum to 33 cm as the maximum. The considered
bearings were selected to support the mass of the rest of
the LLE aside from the mass of the users up to 50 kg.

On the other hand, aluminum profiles with dimensions of
20 × 60 × C mm served to create the connections between
the hip-knee and 20×40×C mm for the connection of knee
and ankle. In this case, the parameter C takes the values of
C = 16 cm and C = 23 cm for the hip-knee and knee-ankle
joints, respectively. Here, it is important to note that these
profiles are interchangeable and can be adjusted to different
lengths, allowing the device to adapt to different pediatric
users.

At the end of each limb of the LLE, a mechanical structure
has been added to support the users’ feet. This support
was designed to accommodate foot lengths of up to 24 cm.
Here, a linear bearing is also used to adjust the foot length
correctly. In addition, the LLE considers each limb to have
a set of braces for the thighs and calves to guarantee proper
adjustment, stability, and alignment of the patient’s lower
limbs.



Once the manufacturing process of the LLE was finished,
a total weight of 15.6 kg was obtained for the device, it is
important to mention that the user will not support the weight
of the device. To sum up, the elements integrating the LLE,
Figure 2 shows a) denotes the mobile hip support , b) depicts
the waist supports of the system, c) shows joints in the limb,
while e) and d) denotes the set of braces and the foot mobile
support, respectively.

Fig. 2. Main parts of pediatric LLE.

D. Electronic instrumentation

As part of the electronic instrumentation, the main el-
ements of the LLE are the actuation system, which is
integrated by a set of brushless motors, and the controller
board, which regulates the movements of each joint.

1) Actuation system: Each joint of the LLE is actuated by
a CubeMars® AK80-64 Series Dynamic Modular in-runner
brushless motor. These actuators require a power supply of
24 V and are equipped with a planetary gearbox with a
reduction ratio of 64:1. The actuators include an encoder
with a resolution of 14 bits and a temperature sensor. Then,
they can provide position, velocity, torque, and temperature
measurements without requiring additional sensors.

On the other hand, each CubeMars® AK80-64 has an
integrated driver that can be configured to select one of three
control modes (position, speed, or torque). The configuration
of the actuators is achieved through the controller area
network (CAN) communication protocol for data exchange
with a personal computer. The main characteristics of the
selected actuators are reported in Table III. Notice that,
considering the torque each motor can provide, the selected
actuators are well-suited for the LLE application.

TABLE III
MAIN CHARACTERISTICS OF CUBEMARS® AK80-64 [26].

Model Weight
(g)

Peak
torque
(Nm)

Backlash
(deg)

Inertia
(gcm2)

Max. axial
load (N)

Rated
current

(A)
AK80-64 850 120 0.18 564.5 141.2 7

2) Controller board: The LLE control system considers a
Texas Instruments® LAUNCHXL-F28379D microcontroller
as the primary device, which regulates the movements of
each joint in the robotic system based on a predefined control
algorithm embedded within it. As mentioned, this device is
in charge of establishing communication with the actuators
through the CAN protocol (with a data exchange rate of 1
Mbps, according to the specifications of the motor board).
This communication sends angular position and velocity
measures from the motor to the microcontroller to compute
the torque that the motor must execute. Once the control
signal is computed, the microcontroller sends it back to the
actuator. At the same time, the measures of position, velocity,
and torque are sent from the microcontroller to a personal
computer to display the signals. This communication is based
on a serial communications interface (SCI) with a velocity
of 460800 baud rate.

III. CONTROL STRATEGY

A control algorithm based on sliding mode principles was
implemented to regulate the LLE movements as part of
the control strategy. The subsequent paragraphs detail the
equations that govern the proposed SMC.

A. Problem statement

Considers the proposed LLE, where each limb is integrated
by three revolute joints actuated individually. Then, the con-
cept of fully actuated robotic system is satisfied for each limb
of the system [27]. Let define the following state variables
θ1,lj = ql,j and θ2,lj = q̇l,j , and introduce the following
second order differential equation, which represents in a
general form each DoF of the LLE.

θ̇1,lj(t) = θ2,lj(t),

θ̇2,lj(t) = ωlj(Q(t), G(t)) + ϕlj(Q(t))τlj

+
2∑

k=1

3∑
m=1,m ̸=j

ϕkm(Q(t))τkm + λlj(Q(t), G(t), t)

(1)

where θ1,lj ∈ R and θ2,lj ∈ R describe the angular position
and velocity of the j-th joint j = {1, 2, 3} of the side l =
{1, 2}, with l = {1} representing the left and l = {2} the
right side, respectively. Vectors Q ∈ R6 and G ∈ R6 denote
the vectors with the angular positions and velocities of all
the six joints of the LLE, i.e., Q = {θ1,lj}, G = {θ2,lj}.

In equation (1), ωlj : R6 × R6 → R denotes the drift
term of the system, which includes the gravitational effects
and the entries of the Coriolis matrix acting on the device.
ϕkm : R6 → R is a nonlinear function associated with the
control input τlj ∈ R with τ = {τlj}. The sums describe
the effect of the torque exerted the rest of the LLE joints. In
contrast, the function λl,j : R6×R6×R+ → R represents the
internal uncertainties and external perturbations acting over
the LLE.

Now, introduce the vector field Θ∗
lj =

[
θ∗1,lj θ∗2,lj

]⊤
with

θ∗1,lj ∈ R and θ∗2,lj ∈ R, where θ∗1,lj is a smooth function that
describes the desired reference trajectory for the j-th joint
in the LLE, whereas θ∗2,lj denotes its corresponding time



derivative. Here, it is assumed that each function θ∗1,lj is at
least a function C2, which is designed following the angular
trajectories executed in the regular gait cycle of pediatric
users, described in [28].

The current design aims to ensure that each joint in the
LLE tracks a predefined reference trajectory, from which the
proposed control algorithm computes the control signal to
regulate the angular position of the LLE. Then, the tracking
trajectory problem can be reformulated as follows,

lim
t→∞

∥elj(t)∥ = 0 ∀t ∈ R+, (2)

where elj = θ1,lj − θ∗1,lj denotes the tracking error and e =
{el,j} is the vector of all the tracking errors.

B. Control design

This study implemented a control scheme based on the
sliding modes fundamentals to solve the problem statement.
Then, an STA serving as a robust exact differentiator was
proposed to compute the time derivative of the tracking error.

1) Super-Twisting Algorithm: Let define δe1,lj ∈ R, δe2,lj ∈
R denoting the states of the STA. Then, according to [29]
and [30], the STA as robust exact differentiator is given by

δ̇e1,lj(t) = δe2,lj(t) + λ1,lj |δlj(t)|
1
2 sign(δlj(t)),

δ̇e2,lj(t) = λ2,ljsign(δlj(t)),

(3)

where δlj denotes the estimation error given by δlj = el,j −
δe1,lj , the estimated derivative is given by δe2,lj , with λ1,lj ∈
R+\{0} and λ2,lj ∈ R+\{0} being the STA gains.

2) Sliding mode control: For this case, the control law
τlj satisfies the mathematical structure of a first order SMC.
Then, introduce the sliding surface σlj defined as σlj =
e1,ljc+ ė1,lj , with the control law governed by

τlj(t) = −kljsign(σlj) (4)

where c and klj are positive constants, which defined the
convergence of the tracking error.

IV. EXPERIMENTAL SETUP

An experimental setup (see Figure 3) with all the elements
integrating the LLE was designed as part of the control
algorithm implementation.

Figure 3 shows the workflow of the experimental setup,
which is divided into three main stages: 1) the control inter-
face (orange block), 2) the microcontroller (pink block), and
3) the LLE system (purple block), the interaction between
each stage permits the data exchange to implement the SMC.

In that sense, the control interface stage consists of a
graphic user interface (GUI) in Matlab-Simulink that allows
the user to configure various parameters in the actuators of
the LLE, such as the shut-down, the origin position of each
actuator aside from the selection of the control mode. In
addition, this stage also allows the user to define the gains
of the control algorithm, i.e., the SMC gains and the STA
gains. All the mentioned parameters are sent from the GUI
to the microcontroller stage through the SCI interface.

Fig. 3. Flow diagram of the LLE experimental setup.

Once the parameters are sent, the second stage of the
workflow computes the control algorithm, which includes the
SMC and the STA. At the same time, the microcontroller is
in charge of computing the reference trajectories for each
DoF. As a result, the microcontroller sends through a CAN
port the corresponding control signal (τlj) to each actuator
to execute the desired movements. Consequently, the LLE
executes the trajectory tracking in each DoF, corresponding
to the execution of the movements in a normal gait cycle.

In response to the control signal implementation, the third
stage (the LLE system) sends back through a CAN port the
motor data (i.e., the ID of the actuator, the angular position
and velocity of each DoF, and torque) to the microcontroller,
which subsequently, sends this information to the control
interface in the PC by using the SCI.

V. EXPERIMENTAL RESULTS

In order to test the proposed control approach, the perfor-
mance of all DoF was evaluated by measuring the tracking
error during the execution of a set of reference trajectories
describing a normal gait cycle. Here, the reference trajecto-
ries were obtained from the database presented in [28], where
the trajectories were collected from a biomechanical study of
the gait cycle, considering the average speed of the pediatric
population. Then, the six reference trajectories (each of one
DoF) were exported and adapted in Matlab® to have a gait
cycle of 4 seconds.

In this study, the SMC algorithm coupled to the STA
was implemented. In addition, with the aim of the verify
the effectiveness of the proposed controller a conventional
PD control was also tested. Then, the performance of each
control scheme was evaluating taking into consideration the
trajectory tracking performance, the norm of the tracking
error, aside from the integral of the control signal.

As part of the obtained results, Figures 4 and 5 show the
obtained performance with the tested controllers (SMC and
PD), both considering the STA as a robust exact differentia-
tor. In this case, Figure 4 evidenced a faster convergence to
the reference trajectories obtained with the SMC implemen-



tation, in contrast to the convergence achieved with the PD
controller (see Figure 5).

In Figures 4 and 5, the reference trajectories of each DoF
in the LLE are denoted with a black dotted line, whereas the
solid lines correspond to the position of the joints. Here, solid
purple lines refer to the hip joint, solid pink lines the knee
joint, and orange solid lines the ankle joint, respectively.
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Fig. 4. Trajectory tracking performance obtained with the SMC.
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Fig. 5. Trajectory tracking performance obtained with the PD

To summarize the results, the tracking error norm was

computed for both tested controllers; the results are shown
in Figure 6, where it can be observed that the SMC offers
faster convergence than the PD controller.
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Fig. 6. Comparison of tracking error norm between PD and SMC.

Notice from Figure 6 that both control schemes show a
similar performance after four seconds of test. However,
the error norm’s integral was computed to evaluate the
accumulative error. Figure 7 evidenced that after 0.5 seconds,
the SMC provides less accumulative error compared to the
conventional PD controller. Also, the root mean square error
(RMSE) was computed for the trajectory tracking of the hip,
knee, and ankle joints. As a result, the SMC provides 0.0291
rad, 0.0863 rad, and 0.0370 rad for the corresponding joints,
respectively; in contrast, the RMSE obtained with the PD are
0.0378 rad,0.1196 rad, and 0.0530 rad.
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Fig. 7. Comparison of integral error norm between PD and SMC.

Finally, the norm of the control signal of both controllers
is shown in Figure 8. As expected, the SMC control exhibits
higher energy consumption, with torque values ranging from
5.9 Nm to 7.45 Nm. In contrast, the PD control shows lower
energy consumption, with a maximum torque of 5.8 Nm
and a minimum of 1.8 Nm. However, SMC control performs
better since the finite-time control approach achieves faster
response, higher accuracy, and better anti-disturbance capa-
bility.
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Fig. 8. Comparison of control norm between PD and SMC.

VI. CONCLUSIONS

In this work, an LLE was designed considering the biome-
chanics and anthropometric measures of a pediatric Latin
American population sample, resulting in a functional and
adjustable device that satisfies the required RoM to perform
a normal gait cycle. The proposed device can generate the
required torques to mobilize the lower limbs of pediatric
users. The proposed control algorithm based on the sliding
mode fundamentals evidenced an adequate performance to
track a set of desired reference trajectories describing human
movements. Particularly, the obtained results demonstrate
that the LLE track trajectories achieved a maximum RMSE
of 0.0291 rad in the hip, 0.0863 rad in the knee, and
0.0370 rad in the ankle then, as future work of the study is
considered to enhance the control performance testing other
approach of robust control aside from to consider alternative
force feedback control algorithms.
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[7] E. Fosch-Villaronga, A. Čartolovni, and R. L. Pierce, “Promoting
inclusiveness in exoskeleton robotics: addressing challenges for pedi-
atric access,” Paladyn, Journal of Behavioral Robotics, vol. 11, no. 1,
pp. 327–339, 2020.

[8] G. Gaudet, M. Raison, and S. Achiche, “Current trends and chal-
lenges in pediatric access to sensorless and sensor-based upper limb
exoskeletons,” Sensors, vol. 21, no. 10, p. 3561, 2021.

[9] J. Narayan and S. Kumar Dwivedy, “Preliminary design and devel-
opment of a low-cost lower-limb exoskeleton system for pediatric
rehabilitation,” Proceedings of the Institution of Mechanical Engineers,
Part H: Journal of Engineering in Medicine, vol. 235, no. 5, pp. 530–
545, 2021.
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