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Abstract—This work presents the development of the
ArMexo, an upper limb assistive rehabilitation system with
four degrees of freedom (DoF) to assist the user in wrist
radial/ulnar deviation, flexion/extension, pronation/supination,
and elbow flexion/extension movements. The ArMexo is a self-
designed exoskeleton manufactured mainly using a tridimen-
sional printing system with polylactic acid (PLA) as the primary
manufacturing material. As part of the actuation system, the
proposed device considers four brushless motors model AK-
60 of CubeMars coupled to a microcontroller Launchpad
F28379xD of Texas Instruments™, where a first-order sliding
mode (FOSM) serves as the control algorithm to regulate the
trajectory tracking of each DoF of the ArMexo. A proportional-
derivative (PD) controller was also implemented as part of
the obtained results to prove the proposed FOSM’s superior
performance. Then, the experimental results show that the pro-
posed controller guaranteed the trajectory tracking of reference
trajectories with an error norm of less than six degrees.

Index Terms— Upper limb, assistive rehabilitation exoskele-
ton, sliding modes.

I. INTRODUCTION

In 2023, the National Institute of Statistics and Geography
(INEGI) of Mexico reported that 8.9 million Mexicans have
a disability. This equates to 6.8% of the country’s population
with a disability condition, a higher rate than the reported
in 2018, which was 6.3%. In this sense, the age groups
most affected by disabilities are those aged 60 and over
(49.4% of the population) and those aged 30-59 (34.2%
of the population). Furthermore, the INEGI report indicated
that 12.3% of individuals with disabilities encounter difficul-
ties in performing activities such as bathing, dressing, and
eating. Additionally, 17.2% of this population group faces
challenges in moving or using their arms or hands in their
activities of daily living (ADLs) [1].

In that sense, it is well-known that rehabilitation therapy
increases the quality of life in people with disabilities. How-
ever, conventional therapies imply a time-consuming and
arduous process depending on the availability of resources,
the capacity of medical personnel, and the provision of ade-
quate patient care [2]. The limitation of conventional therapy
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and the high demand for this service have encouraged the
development and introduction of novel and more efficient
rehabilitation approaches, including the implementation of
robotic systems, which, according to recent studies, facilitate
intensive, precise, quantitative, and safe rehabilitation [3].

Conventionally, rehabilitation robots are programmed to
compute the required torque to regulate movements in each
joint of the limbs [4], [5]. Therefore, it is essential to
implement control algorithms to ensure that the desired
trajectories are followed.

In that sense, position control strategies are commonly
used in rehabilitation robots to move their joints at a desired
angle and consequently, the user limbs according to a set
of reference trajectories [6]; one of these control techniques
is the proportional derivative controller (PD), which mainly
reacts to position and velocity errors and does not require
system identification. However, the gain-tuning can be highly
time-consuming since an inadequate adjustment can produce
large torques, which may damage the actuators and the
patient [7], [8]. Moreover, this control scheme is not the best
option for dealing with nonlinear dynamics in the system
aside from external perturbations.

Other control algorithms used in rehabilitation robots are:
impedance control aims to have the position and veloc-
ity errors follow desired trajectories performed by human
interactions, which allows stable interactions between ex-
oskeletons and patients in stiff environments. However, the
precision and accuracy of this class of control algorithms
are compromised since this control scheme can be unstable
when the impedance is high [9], [8].

Admittance control is another option to solve the trajectory
tracking problem of robotic rehabilitation systems because
this control allows smooth movements. Nevertheless, these
control algorithms may give the user a non-realistic sensation
[10]. Consequently, this strategy requires high transmission
ratios to achieve precise motion, and a high admittance
can destabilize the system [8]. Particularly, these algorithms
require a model-based control to establish a dynamic rela-
tionship between the system’s motion and the human-robot
interactions, which is challenging to implement in systems
with complex geometries.

On the other hand, adaptive controllers are able to ad-
just the system’s unknown variances since the controller
parameters are updated based on the difference between the
values measured by the system’s sensors and those from a
reference model, which allows compensation for modeling
uncertainties. However, these methods cannot handle external
disturbances in the system and fast-changing parameters [8].



As a remarkable solution, sliding mode controllers (SMC)
have demonstrated resilience and stability in the presence
of parametric uncertainties and system disturbances. In ad-
dition, a sliding surface made up of a combination of error
signals is adopted, and the tracking error is reduced to a
certain acceptable level [11]. Various techniques for making
SMC adaptive have been proposed, including the use of the
boundary layer method, the incorporation of a proportional-
integral-derivative (PID) controller, the application of fuzzy
logic, the integration of a nonlinear disturbance observer, the
implementation of baseline SMC, the adoption of terminal,
and the use of fast terminal SMC [12].

Based on the above arguments, this paper presents the
development of an upper-limb assistive rehabilitation system
(ULARS) called ArMexo. The main contributions of this
work are:

o A self-design of a ULARS of four DoF considering
Mexican adults’ anthropometric dimensions.

e The implementation of a first-order sliding mode
(FOSM) control to guarantee the trajectory tracking of
the ArMexo.

II. BIOMECHATRONIC SYSTEM DESCRIPTION

The proposed device considers as part of its mechanical
structure four degrees of freedom (DoF), which correspond
to the movements of flexion/extension of the elbow (FEE),
radial/ulnar deviation of the wrist (RUD), flexion/extension
of the wrist (FEW), and pronation/supination of the wrist
(PSW). The previous movements were considered since,
according to the literature, these DoF are the most relevant
in executing the ADLs. The ranges of motion (ROM), aside
from the speeds and torque required to execute the human
ADLs, were consulted from [13], [14] and [15], respectively.

On the other hand, the anthropometric dimensions of 203
men and 278 women between 18 and 64 years from the
Mexican population were analyzed to define the dimensions
of the ArMexo. The measures considered included the length
of the forearm, the length of the hand, the width of the hand,
and the height from the ground to the knee [16]. Table I
summarizes the measures considered in this work, such as
the torque and speed of the actuators used.

Once the anthropometric measures were analyzed, the
main dimensions of the system were defined. Figure 1 shows
an isometric view of ArMexo, showing A) the segment of
the aluminum base used to carry the ULARS, B) the length
of the forearm, which has adjustable dimensions from 25.8
to 28.8 cm, C) the hand width, which corresponds to a
fixed dimension, D) the hand length, which can be adjusted
according to the user’s needs from 7.2 to 12 cm, and finally
E) the ground to knee height, which, like segments B) and
D), is also an adjustable segment from 71 to 76 cm. These
dimensions are shown in Table I.

A. Kinematics of the exoskeleton

Since the ArMexo considers four DoF in its mechanical
structure, Figure 2 shows a general scheme to evidence the
user collocation in the system. Particularly, Figure 2-A),

Fig. 1. Main segments of the ArMexo system.

shows the distribution of each DoF; in orange is shown the
rotation axis of FEE, this DoF will now be denoted by ~;
in orange, the axis of PSW in red, described by . The axis
of RUD is shown in yellow with 3, whereas FEW is in
green, represented by «. In Figure 2-B), the CAD model
of ArMexo is shown, where the wrist joints are aligned on
a blue marker, and the FEE joint is aligned with the user’s
joint. It is important to mention that the incidence angle in the
upper limb was considered when designing the exoskeleton,
which is 12.5 degrees since the average of 11 degrees in men
and 14 degrees in women was taken [17].
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Fig. 2. Mechanical structure of the ArMexo system, A) System configu-

ration, B) CAD model.

B. Manufacture of the system

The parts integrating this device were manufactured using
three-dimensional printing techniques with polylactic acid
(PLA) as primary material with a filler of 70%. In addition,
a carbon fiber tubular segment was used in the adjustable
forearm segment, as well as in the internal part of the joint
between the FEE-PSW segment and two more segments for
the elbow-forearm support. The base that supports the whole
system was machined using aluminum profiles of 4.5 x 4.5
cm. The materials used for this device were considered due



TABLE I
MEXICAN POPULATION DIMENSIONS AND THOSE USED BY ARMEXO. BIOMECHANICAL DATA OF HUMAN ELBOW AND WRIST AND THOSE
CONSIDERED FOR ARMEXO.

Human ArMexo
Dimensions Ground to knee height 71.7 cm 71 - 76 cm
Forearm length 23.5 cm 25.8 - 28.8 cm
Hand length 17.1 cm 7.2 -12 cm
Hand width 9.3 cm 9.6 cm
ROM Velocity Torque ROM Velocity Torque
Flexion/extension of the elbow (FEE) 140° / 0° 173 deg/s | 17.5 Nm 60° / 0° 3618 deg/s 12 Nm
pronation/supination of the wrist (PSW) 100° / 100° | 489 deg/s | 153 Nm | 25°/25° | 3618 deg/s 12 Nm
Radial/ulnar deviation of the wrist (RUD) 35°/35° 204 deg/s | 10.4 Nm | 35°/35° | 1398 deg/s 9 Nm
Flexion/extension of the wrist (FEW) 85° / 85° 233 deg/s 8.5 Nm 60° 7/ 60° | 1398 deg/s 9 Nm

to their mechanical properties [18]. The wiring for each
of the actuators was attached to the back of each of the
joints, where the structural design passes the wiring through,
avoiding direct contact with the user.

C. Actuation system and microcontroller

The electronic instrumentation of the system considers the
use of four CubeMars brushless motors, using a 24 V, 40 A
supply to power each motor. The integrated controller board
for each motor includes a 14-bit absolute encoder, which
allows the angular position of each actuator to be received
with a resolution of 0.1 degrees, as well as the speed, torque,
and temperature of each actuator. Notably, for FEE and PSW,
motors model AK-80-6 are used, which, as shown in Table
I, are capable of providing a torque of 12 Nm, with a speed
of 3618 deg/s, whereas for RUD and FEW, motors model
AK-60-6 were used, which provide 9 Nm of torque and a
speed of 1398 deg/s [19], [20]. The motor’s output torque
and design make these actuators suitable for the device, as
they can be aligned directly to each joint without needing
additional transmission systems.

This study uses the CAN communication protocol to re-
ceive and send information from each actuator to the micro-
controller. The microcontroller is the intermediary between
the host computer and the receiving and sending of data.
The microcontroller is the Texas Instruments LAUNCHXL-
F28379D, a dual-core design with a 32-bit processing capa-
bility and a CAN module for real-time control applications,
as it supports speeds of up to 1 Mbit/s. The microcontroller
is a dual-core design with a 32-bit processing capability
and a CAN module for real-time control applications. A
FOSM algorithm is embedded in the microcontroller for each
of the actuators. This FOSM control regulates the current
value sent to the motor to obtain the desired torque to
perform the mobilization in each DoF. Likewise, the serial
communication port is used to communicate between the host
computer and the microcontroller at a speed of 460800 baud.

D. System integration

Once all the elements comprising the ArMexo system were
established, the next step consisted of integrating the device.
Figure 3 shows the distribution of the four DoF in the system
denoted by «, 3, v, and J, respectively. Here, it is important
to notice that each joint in the ArMexo has mechanical stops
that delimit the ROM to guarantee the user’s safety.

Fig. 3. Integration of the ArMexo system, A) Adjustable hand length, B)
Adjustable forearm segment, C) Elbow support, D) Handle.

The proposed system considers its mechanical structure
elements, allowing it to adjust for users with different an-
thropometric dimensions. Here, the distance between device
joints ensures that the user can naturally perform wrist, fore-
arm, and elbow movements throughout their ROM without
collisions. Figure 3 evidenced the leading segments in the
device where A) shows the adjustable hand length segment,
while B) shows the adjustable forearm length segment.
The adjustable dimensions considered for the system are
summarized in Table I, where it can be observed that the
height of the exoskeleton, the length of the forearm segment,
aside from the length of the hand, can be modified.

In addition, the designed system has elbow support (See
Figure 3 C)) to improve its use by the user. Notice that the
designed support allows the correct alignment of the FEE and
PSW joints, as well as an attachment for those users who are
not able to maintain a posture for prolonged periods during
rehabilitation sessions and avoid compensatory movements;
this support also has a band that can be easily adjusted to
the user’s forearm.

Finally, Figure 3 D) shows a handle for the user to hold
the device. The handle allows the correct alignment of the
wrist with the joints of the ArMexo. If the user cannot grip
the handle, it has a band to keep the user’s hand in that
position.

E. User interface

Regarding the software, two codes were used to operate
the ArMexo system. The first code was programmed using
Simulink from Matlab®, which is then embedded in the



microcontroller using the C2000 Processors toolbox. On
the other hand, there is a Graphical User Interface (GUI),
also developed in Simulink, where the system operator can
monitor the performance of the exoskeleton. In the GUI,
the signals obtained from each actuator can be displayed
simultaneously, showing position, velocity, and torque. At
the same time, this interface triggers and stops the actuators’
operation, allowing the tuning of the gains for the control
algorithms that can be implemented. This interface also has
a button to set the user’s initial points, as well as another
button to return the device to the user’s initial points.

III. CONTROL STRATEGY

Consider the ArMexo system the vector i € R* defined as
uw={a,B,v,d} denotes the position vector of the system.
Then, let introduce the state variables 21 € R* and z, € R%.
with 1 = p and z9 = fi.

Following the methodology proposed in [21], and taking
into account that each DoF of ArMexo is actuated indepen-
dently, each joint can be described in general form by the
following second-order differential equation.

i1,5(t) = 22,5 (1),

2,5 () = [3(X,8) + g5 (21, 0)7; (1) + x5(X, 1),

where the state vector of the system is given by X =
[#] x5 ]T. The output of the system is denoted by y; €
R?, which satisfy y; = [21,; xgyj]—r, Jj=1{1,2,3,4}. In
the equation (1), the nonlinear function f; : R® x RT —
R denotes the drift term of the exoskeleton, which is an
unknown but is assumed locally Lipschitz, g; : R*xRT — R
is the input associated function assumed invertible V¢t € R,
7; : RT — R denotes the control signal for the j-th DoF of
the ArMexo, whereas the nonlinear function x; : R xRt —
R represents the internal uncertainties and external bounded
perturbations affecting the system.

(D

A. Problem statement

In this study, the control problem can be defined in
terms of solving the trajectory tracking between the states
of the ArmMexo given by z;; and the corresponding
reference trajectory z7 ; despite the external perturbations.
Here, the desired trajectory is assumed to be a smooth
function designed as a sum of sigmoidal functions according
to the methodology proposed in [22]. Then, let us define the
tracking error as e = [eq 62,]‘]T, where

e1,(t) = x1;(t) —z7 (1),
(2
e2,j(t) = x2,5(t) — a3 ;(1).
Here, the derivative of the reference is denoted by x§ ;e
The full-time derivative of (2) satisfy that

é1,j(t) = e2,;(),

€2, (t) = f(X,t) + gj (w1, t)7;(t) + x5(X, 1) — 503,;-(75)(-3)

Then, the problem statement can be rewriting as
Jim fleq;(#)[| =0, vt >0, )

Now, following the methodology proposed in [23], let
introduce the control law 7; defining a FOSM control al-
gorithm, satisfying

7j(t) = —A;sign(s;(1), (5)

where \; € RT\{0} denotes the control gain, whereas s; €
R represent the sliding surface, which satisfy

s;(t) = e1,;(t) + pje2,; (1), (6)
with p; € R* chosen as a positive constant greater than zero
that characterizes the convergence of the tracking error.

IV. EXPERIMENTAL RESULTS

As part of the control algorithm implementation, Figure
4 illustrates a flowchart that describes the system’s general
workflow, connections, and data sending and receiving be-
tween each component.
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Fig. 4. Workflow of the stages considered in the ArMexo functioning.

Then, according to Figure 4, the system operator runs
the GUI on the host computer, where it starts receiving
the system status passing through the microcontroller. As
mentioned before, the microcontroller has embedded the
control algorithm, which allows it to compute the output
torque necessary to mobilize the device. Here, the torque
computation depends on two main parameters: the gains sent
through the GUI and the current states of each actuator.
Meanwhile, these states of each motor and the calculated
torque are sent through the CAN communication protocol,
where two-way communication is maintained through a
serial communication protocol with the host computer. Also,
in this section, the operator can monitor the current position,
velocity, and torque while the user is in each wrist and elbow
joint session, while man-machine interaction occurs.

Two control schemes have been implemented to compare
the obtained performance as part of the experimental results:
a FOSM and a conventional PD controller. Then, to achieve



the correct control implementation, the position and velocity
of each actuator are required. In this case, both signals are
provided by the actuation system; nevertheless, the velocity
is computed with an Euler derivative, and the noise in the
signal is evident. With this in mind, the control implemen-
tation considers a finite-time differentiator called the Super-
Twisting Algorithm (STA) to compute the time derivative of
the tracking error [24].

A. Control implementation

As previously mentioned, each reference trajectory was
designed as a sum of four sigmoidal functions following the
methodology proposed in [22]. However, it is not limited to
other trajectories. These must be smooth, continuous, and
at least twice differentiable. The ROMs given in Table I
were considered here. Then, each reference trajectory starts
at 0 degrees; the first sigmoid reaches the maximum positive
value, the second sigmoidal is used to return to O degrees, the
third one goes from zero to the maximum negative value, and
the last one returns to zero. The sum of these four sigmoids
has a duration of 11.75 seconds. For this work, this signal
was repeated four times (See Figure 5).
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Fig. 5. Set of reference trajectories.

The frequency of the PD and FOSM control is 1600 Hz.
The gains for both controls were selected experimentally.
Figure 6 shows the trajectory tracking of joint «, with the
performance of the PD controller in the first graph. Notice
that the trajectory tracking presents deviations in ¢ equal to
20, 30, and 43 seconds. On the other hand, the FOSM control
performs better during the 47 seconds of the test. The same
behavior occurs with 3, v, and §, where the FOSM controller
evidenced a superior performance. See Figures 7, 8 and 9
respectively.

To summarize the performance obtained with both im-
plemented controllers, Figure 10 shows the norm of the
trajectory tracking error of both controllers, the PD controller
in blue and the FOSM controller in green. Notice that the
convergence of both controllers occurs in the first seconds
of the test. However, the PD algorithm presents oscillations
between 5 and 12 degrees, while the FOSM presents a peak
of 7 degrees.
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Finally, Figure 11 shows the integral of the norm of the
control signals. This figure evidences that the FOSM’s energy
consumption is lower than that of the PD controller.
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Fig. 10. Comparison of the error norm obtained with the PD and FOSM
controllers.
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Fig. 11. Integral of the control signal norm.

V. CONCLUSIONS

In this work, a ULARS was designed according to the
anthropometric dimensions of the Mexican adult population.
As a result, a functional and adjustable device that allows the
upper limb movements to execute the ADLs, considering the
torque and ROM needed in adult users. The proposed control
algorithm based on sliding modes solved the trajectory
tracking problem. The results showed that the FOSM control
guaranteed an error norm lower than the PD controller, since
the maximum oscillation is 7 degrees against 12 degrees of
the PD. The integral of the control norm depicted that the
FOSM in the proposed setup required less energy than the
PD controller.

The PD controller has significant oscillations in the trajec-
tory tracking, which is reflected in the energy consumption,
while the FOSM has a lower consumption. The FOSM
controller guarantees trajectory tracking with the ROMs
proposed at the beginning of this work in ULARS, which
leads to the implementation of other types of trajectories
according to the needs of Mexican patients.
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