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A cable-driven exoskeleton to control ankle
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Abstract—Cerebral palsy is the most common neurological
disorder in children. In the search for effective treatments,
robot-assisted therapy techniques have emerged in recent years,
combining physiotherapy with the use of exoskeletons for re-
habilitation. In this context, the Discover2Walk project was
developed, a cable-driven modular exoskeleton designed for early
gait rehabilitation. In this paper, a novel method for foot and
ankle joint control, easily implementable in the Discover2Walk,
is presented. This method is capable of directing movement in
three degrees of freedom: two translational (cartesian x and z
axes) and one rotational (dorsiflexion and plantar flexion). The
results obtained demonstrate the viability of the proposed system
in controlling motion in the three degrees of freedom of interest.

Index Terms—modular exoskeleton, cable actuation, cerebral
palsy, impedance control, robot-assisted therapy.

I. INTRODUCTION

Cerebral Palsy (CP) is a disorder originating in the Central
Nervous System (CNS) which affects 2 to 2.5 out of every
1000 babies born, being the most common neurological dis-
order in children [1]. It is characterized by a progressive loss
of sensory and motor capacity and the Symptoms associated
with CP include the prevalence of pain and movement and
gait disorders. Loss of walking ability has been shown to be
associated with significant impairment of health and quality
of life [2].
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To reduce these problems, the most common treatment is
physiotherapy, due to the positive results obtained [2]. In
recent years, the use of exoskeletons as a therapy for CP has
become widespread. This approach complements treatments
such as physiotherapy or surgery, which often struggle to
maintain patients’ muscle strength over time [3]. These tech-
niques also facilitate passive movement in children and allow
them to experience greater freedom of movement.

The robotic devices base their therapies on the repetitive and
intensive performance of specific training tasks, with the aim
of improving neuroplasticity, motor skills and muscle strength
in children with CP [4]. This type of treatment is known as
robot-assisted therapy [5], [6]. Some well-known examples of
exoskeletons for gait rehabilitation or assistance are: Lokomat
[7], Innowalk [8] and CPWalker (developed by our research
group) [9].

This article focuses on the Discover2Walk (D2W) exoskele-
ton (Fig. 1), a pediatric modular platform designed for gait
rehabilitation. The system utilizes cable-driven actuators to
guide the movement of children in the early stages of CP,
facilitating walking and exploration of their environment at an
age comparable to that of healthy children [10]. It is an end-
effector type device where the robot connects to the patient’s
joints via lightweight cables at distal points. The forces
generated at these distal interfaces are transmitted to produce
movements in the patient’s joints [11].

Within the D2W exoskeleton modules, our focus is on
the ankle control module, featuring a novel system with 4
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Fig. 1: D2W exoskeleton consisting of pelvis control module,
ankle and traction system.

brushless motors mounted on dual coil drums, each with
two associated cables. This configuration enables control of
three degrees of freedom (DOF): two translational (Cartesian
z and z axes) and one rotational (dorsiflexion and plantar
flexion, denoted as pitch in Euler’s angles notation). Unlike
the original D2W ankles’ system, which only controlled trans-
lational movements. This improvement responds to feedback
from clinicians associated with the project, who emphasize
the importance of rotational control. In this article, we will
describe the development, implementation and testing of the
new ankles’ system.

II. DISCOVER2WALK STRUCTURE

The D2W (Fig. 1) has a flexible structure that easily adapts
to the patient’s characteristics and is focused on treating
children between the ages of two and five. Unlike rigid
exoskeletons, by controlling the movement of children through
cables, this extra component of flexibility is acquired, increas-
ing the child’s ability to explore his environment and motor
skills [12].

A. Pelvic Module

Consists of four Dynamixel XH540-W150-T servomotors
(ROBOTIS, United States) anchored to the upper vertices of
the D2W frame. Each motor is associated with a Kevlar cable,
which also connects to a commercial pelvic orthosis (PRIM,
Spain) fitted to the patient.

To monitor the pelvis and control the partial body weight
support it provides, this module has three main types of
sensors: inertial measurement units (IMUs), motor absolute
encoders and load cells. These sensors measure the cables’
length, the pelvis’s orientation and the weight supported by
each cable.

The described structure and configuration of motors and
sensors allow the three-dimensional control of the pelvis in
six DOF, three translational and three rotational.

B. Ankle Module

The current ankle control system consists of six brush-
less motor, model DUAL SHAFT MOTOR-D6374 150KV
(OdriveRobotics, United States), three motors per ankle. Each

motor is associated with encoder AMT102-V type sensors
(CUlIDevices, USA) to measure length, and a Kevlar cable
which is anchored to the ankles using modified commercial
foot straps (SYL Fitness®).

The current ankle module allows control of motion in the
longitudinal and vertical direction of motion (two translational
DOF). It does not have the capacity of controlling dorsiflexion
and plantar flexion rotations. Given the importance of being
able to control this rotation for a correct gait cycle, a new
system developed for ankle control will be explained in this
article.

C. Traction Module

It allows the translation and rotation of the entire platform,
facilitating the movement of the infant. For this purpose, it
has four aluminum wheels with a diameter of 254 mm and a
capacity of 40 kg each (Nexus Robot, China). To assist the
movement, each wheel is powered by an EC 90 Flat 600W
brushless motor (MAXON, Switzerland).

Additionally, to determine the orientation of the platform,
a BNOO55 IMU sensor (BoschSensortec, Germany) is placed
at the front. Each motor is also equipped with an AMT102-V
encoder to measure the position and speed of the wheels.

D. System Architecture

The D2W is based on a bio-inspired control structure that
mimics the CNS. This hierarchical structure is divided into
three levels: high, medium and low, Fig. 2.

The high level is the one associated with perception and
intention. It is implemented through a clinical interface in
which the patient’s height and weight and key parameters
associated with gait are established. It is also responsible for
giving the initial movement command.

The middle level is in charge of generating the target gait
patterns to be reached by the subject. These trajectories are
established according to the patient’s parameters, as well as by
the three-dimensional estimation of the joint centers and their
speed of movement in real-time, and are used as setpoints to
synchronize the action of the low level.

The low level is responsible for each of the actuators (pelvis,
ankle and traction module) to reach the setpoints established

HIGH LEVEL: Perception and Intention System

Cl—:
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Patient’s weight and height
Key gait parameters
Trigger event

MIDDLE LEVEL: Gait Pattern Generator

<%

Generates the target gait

=b positions and rotations based
on kinematic parameters

LOW LEVEL: Actuators

Pelvic Module Ankles Module Traction Module

0§ 4

Fig. 2: D2W bio-inspired architecture based on three hierar-
chical levels.
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by the medium level. As in the human body, each actuator has
sensors to measure the current gait characteristics.

This architecture has been implemented through a system
of publisher-subscriber nodes in ROS2, allowing modularity
and communication between the different levels.

III. ANKLE ACTUATION SYSTEM

This section discusses in detail the ankles’ system module
capable of controllin three DOFs of interest (translations x
and z and rotation pitch). For this purpose, it is reviewed its
mechanics, electronics, kinematic models and control system.

A. Mechanical System

The new module is configured as a Cable-Driven Parallel
Robot (CDPR) of type 1R2T, meaning it controls three DOF:
two translational and one rotational. Such robots adhere to
the relation m + 1 = n, where m is the number of DOFs
and n is the number of cables [13]. Consequently, the system
requires four cables arranged in the sagittal plane and placed
in a rectangular prism shaped frame structure made of alu-
minum profiles (BoschSensortec, Germany), with dimensions
102x58x68 cm (Fig. 3). Covering the step lenth for children
between six and twelve years of age (45 and 60 cm) [16].

In addition, to treat uncontrolled abduction-adduction ro-
tations of the ankle and improve lateral ankles stabilization,
each motor is mounted on a drum with a double coil that
simultaneously controls two cables per motors, see Fig. 4).
This design results in four redundant cables configuration,
limiting the motion on the lateral plane without the need of
including more actuators on the desing. Therefore, each ankle
will be controlled by eight cables.

The specific drum configuration is shown in Fig. 4 a). It is
a system of housings that cover the mechanical elements of
the structure (motor, drums, and bearings), as well as a central
axis 18 cm long that allows the simultaneous movement of the
two drums. The structure is anchored to the BOSCH profiles
by connecting arms. All parts were printed in PLA, except for
the central axis, which is printed in PET as it requires greater
strength.

The motion transition to patient is obtained through a
developed ankle orthosis sole attached to the patient’s foot, see
Fig. 3. It presents four anchor points for the cables, allowing
the correct fastening and control over the ankle. The insole
was printed in PET to ensure its strength.

Double drum S
system

Fig. 3: Final structure of the test bench, with the mechanical
and electronic components implemented.

Motor

. Motor Bearing
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Cover Drum Bearing  Arm Key

Motor  Drum Drum gpjon  as
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Fig. 4: a) Schematic of disassembled mechanical structure; b)
Image of the final mechanical structure.

B. Electronic System

The system is controlled by a computer running a Linux-
based operating system, which communicates via USB serial
with two motor drivers, Odrive V3.6 drivers (Odrive Robotics,
United States). Both motor drivers are powered by a 48V
HRPG-450-48 (Mean Well Enterprises Co., Taiwan) and each
of them controls a pair of brushless motors, DUAL SHAFT
MOTOR - D374 150 KV (Odrive Robotics, United States) and
read their respective AMT10 encoders (Fig. 3).

C. Kinematic Model

For controlling a system it is first needed a model of it, here
it is presented the kinematic model of the system.

1) Inverse Kinematics: (@™): allows to obtain the target
lengths of the cables (@ = [l_{’...,l;}), to reach the target
position in space and is defined by:

P (" R) =1 (1)

L=l i ||=|| di — 7 — Rb; | 2

R = Ry (roll) - Ry (pitch) - Ry (yaw) (3)
7= (z,y,%) 4)

where 7 (7 € R3) is the cartesian setpoint position of the
end-effector center with respect to the exoskeleton absolute
coordinate system; R (R € Rg’x?’) is the rotation matrix of
the end-effector, dependent on the roll, pitch and yaw target
angles (Euler angles notation); /; is the length of the i‘" cable;
a; (a; € R®) is the position of the i*" drum with respect to
the exoskeleton coordinate system; b (b_; € R?) is the position
of the end-effector anchors with respect to the end-effector
moving reference system (Fig. 5).

2) Forward Kinematics: The calculation by forward kine-
matics (" ¥) allows obtaining the position of the center of
the end-effector and its rotation from the lengths of the cables
and the dimensions of the reference frame.

The computation of the ¥ ¥ involves a non-trivial process
since the position of the end-effector is defined as the intersec-
tion of the spheres of radius /; and centered at A;, resulting
in a overdetenmined system, [13]. To solve this problem, a
numerical approach based on nonlinear least squares fitting is
proposed:
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Fig. 5: Geometric schematic of the ankle module, in which A;,
a;, B;, b; represent the anchor points and vectors of the anchor
points distal and proximal to the end-effector; l; represents the
cable vector; 7 is the Cartesian position of the end-effector and
R the rotation matrix.

R 112 o
W, (zf,R):\caffbei — =0 ©

. N-1
P (f) = min ; (r (6)

Where, 1); is the length error function associated with the ith
cable, which is used to minimize the function ®, representing
the sum of all errors ;. Therefore, the position and angle
values that minimize the error will be the results of the forward
kinematics problem and consequently, will be taken as the
current values of the end-effector.

D. Control System

When designing the exoskeleton control system, it should be
considered that the D2W seeks to implement the Assistance-
As-Needed (AAN) model. This model is characterized by
combining the action of the exoskeleton with the patient’s own
activity during rehabilitation, in such a way as to provide the
least amount of robotic assistance necessary for the correct
performance of movements. Several studies have demonstrated
the efficacy of AAN models, since they promote neuroplas-
ticity, motor learning and reduce the duration and costs of
therapies. [14], [15].

Exoskeletons following the AAN model must perform a
constant adaptation to the patient’s gait, basing their control
on a reduction of the error made when performing movements
[14].

Therefore, to implement the AAN model, a mechanical
impedance control system is established. This is a type of con-
troller used in robotics which takes into account the dynamic
interactions that the system undergoes with the environment,
resembling the movement of the robot to a spring-damper
system. Unlike a position control, it does not seek to reach
the target positions regardless of the forces applied to do
so, but will take into account the dynamic interactions with
the environment to moderate the forces applied without these
being excessive. In other words, instead of following a rigid
trajectory, there is a balance between reaching the target

positions and maintaining a safe and stable interaction, which
is fundamental in robot-human interfaces.

Based on the above and the exoskeleton architecture, the
implemented control loop is shown in Fig. 6. In this loop, the
torques applied on the motors are calculated by impedance
control following (7):

F; = Ks&, + Kpé&, 7

Trajectory Xs,Zs, pitchs | Inverse |l 1 ‘ ‘ Driver T¢
Kinematics ‘

& &

Impedance ‘ Ts

Motors
Control ‘

Encoders

H
L]

Fig. 6: Exoskeleton control loop based on mechanical
impedance control. 74 and 7. represents the setpoint and actual
torque applied to each motor; Is and [. are the setpoint and
actual length of the cables; [, and [, are the setpoint and actual
cable length variation rate ; & and &, are the length and speed
erTors.

If we analyze (7), we observe that the calculated cable
tension for the ith cable F; is formed by two terms, a length
error (&;,) and a velocity error (fii).

The length error (§;) is obtained as the difference between
the target length of the cables (Is), which has been calculated
by inverse kinematics; and the current length of the cables ({.)
measured by the encoders associated to the motors. Also, &
is multiplied by the stiffness coefficient (K g), which will be
varied according to the degree of assistance required by the
patient. If the patient has very reduced mobility and requires
greater robotic assistance (higher forces applied by cables), a
higher value of K is established.

The velocity error (€,) is obtained as the difference between
the target velocity of length variation of the cables ()
and the real velocity (I,) measured by the encoders. This
error is associated with the damping coefficient (K p), which
determines the rate and oscillation of the exoskeleton position
variation.

For each iteration of the control loop, the tension force
calculated by the mechanical impedance control is converted
to torque setpoints and controlled on the motors to achieve the
target positions.

IV. RESULTS

The technical evaluation of the system was performed by
testing the system under a series of scenarios. These tests
consisted of two stages: in the first, the end-effector movement
was analyzed in a free-form manner without a patient using the
insole following a gait-like trajectory, (Fig. 7a). In the second
test, the exoskeleton controlled the motion of a healthy adult
over the same trajectory (Fig. 7b). The aim was to analyze
how the exoskeleton behaved when weight was exerted on the
end-effector, and in the absence of weight.

In both tests, direct kinematics were used to measure the
actual position of the end-effector in the x and z directions, as
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well as its pitch rotation. Also, in order to compare the setpoint
trajectories with the real ones, the mean absolute error (MAE)
and the root mean square error (RMSE) were calculated for
all measured values.

A. Results on the Free End-Effector

To analyze the free motion of the end-effector (without a
patient wearing the insole), the exoskeleton was subjected to
37 gait cycles following a fixed trajectory. Fig. 7a) shows a
comparison between the mean of the trajectories measured
during the 37 cycles (red function), versus the target trajectory
(blue function). In addition, the MAE and RMSE of the
measures are shown in Table I.

If we analyze the results obtained in the graphs for  and z,
we see that the trajectories performed by the exoskeleton are
close to and follow the trend of the setpoints, which is verified
in turn by the low position errors (RMSE and MAE) obtained
with respect to the distance traveled during the movements. It
is also observed that there is a certain time lag between the
exoskeleton receiving a setpoint and reaching that position.
This effect could be compensated by adjusting the parameters
associated with the impedance control.

As for rotations, the exoskeleton presents greater difficulties
in their execution. This is due to the absence of mass on the
insole. By exerting the weight of the patient’s leg on it, the
insole will not have as much freedom of movement, resulting
in less oscillatory trajectories and executing rotations with
significantly greater precision.

B. Results on the Test Subject

For these tests, the insole was worn by a healthy user to
analyze whether the end-effector is able to correctly translate
the movements to the test subject’s ankle (Fig. 7b). In order
to analyze the ability of the exoskeleton to guide movements,
the subject tried to keep the leg as passive as possible, so that
all the movement was originated by the robotic system.

The experiment consisted of performing 37 gait cycles fol-
lowing the same fixed trajectory as in the previous tests. Table
IT shows the MAE and RMSE calculated for the experiment.

TABLE I: RMSE and MAE Results on the Free End-Effector

Direction Metrics
RMSE MAE
X (m) 0.10 0.09
Z (m) 0.05 0.05
Pitch (°) 7.51 6.41

2 Values of RMSE and MAE are in the same units as the direction.

TABLE II: RMSE and MAE Results on the Test Subject

Direction Metrics
RMSE MAE
X (m) 0.09 0.08
Z (m) 0.11 0.1
Pitch (°) 7.58 6.49

2 Values of RMSE and MAE are in the same units as the direction.

The results obtained are graphically represented in Fig. 7b)

If we analyze the results obtained in the x direction, these
are still very accurate and there are no significant variations
with respect to the experiment performed in the absence of the
test subject, being its trajectory, MAE and RMSE practically
identical. Therefore, the high effectiveness of the exoskeleton
to perform longitudinal displacements in the walking direction
is confirmed.

For the z direction, analyzing the graphics, we found that
it moves away from the setpoint positions. This is due to the
fact that the increased weight on the insole opposes the vertical
displacements. To improve these results, the torque exerted by
the upper motors could be amplified, but it must be taken into
account that these tests have been performed with an adult, so
the leg of a child will have a much lower mass. Even so, the
trajectory performed clearly follows the same pattern as the
target.

Finally, as previously theorized, the ability to generate pitch
rotations improves with increasing weight on the insole. There
is an obvious time lag when executing rotations. A possible
solution is, during the closed control loop of the system (Fig.
6), instead of exercising impedance control over the cable
length error, to exercise control over the position and rotation
error of the end-effector, which will improve the precision of
the movements.

It should also be remembered that the subject tries not to
contribute to the leg movement, leaving the exoskeleton to do
all the work. In a real case, the patient would also collaborate
to reach the target trajectory, improving the results.

V. CONCLUSIONS

After the tests performed, it can be concluded that in this
study a new ankle control module has been developed and
implemented with the capacity to act and guide the movement
over three DOF, two translational (xz and z) and one rotational
(pitch). At the same time, unwanted abduction-adduction
rotations, are limited by the implemented mechanical structure,
based on four motors mounted on double coil drums.

In addition, as its movement is regulated by a mechanical
impedance control, the exoskeleton is able to implement the
AAN model, in which the action of the robot is combined
with the child’s own activity.

On the other hand, the architecture of the exoskeleton is
compatible with the D2W, allowing its easy incorporation into
the overall system.

As for the future lines of the project, despite the positive
results obtained during the experiments, for its complete
clinical validation, it will be necessary to perform tests of
its operation in children with CP, and compare these with
the results of the current ankle control module of the D2W.
In addition, in order to further improve its performance, the
control loop of the exoskeleton could be modified so that the
impedance control is performed on the end-effector position
and rotation error, instead of on the cable length error.
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insole being used by a test subject.
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