
Abstract— Recent advancements in gait rehabilitation have 
led to the development of innovative approaches that 
complement traditional therapeutic methods. These include 
intense, task-specific exercise strategies, non-invasive 
treatments, surgical interventions, and advanced robotic 
technologies. While robotic systems for adult gait rehabilitation 
are well-established, there is a notable scarcity of such devices 
for pediatric patients, especially toddlers, due to their unique 
developmental and biomechanical needs. This work introduces 
Discover2Walk (D2W), a novel robotic platform designed 
specifically for pediatric gait rehabilitation in small children. 
The D2W platform features a multi-module, cable-driven 
architecture guided by an omnidirectional traction module, 
addressing the limitations of current rehabilitation devices for 
younger populations. The platform's modular design consists of 
three actuated modules—pelvic, ankle, and traction—
synchronized by a personalised gait pattern generator. This 
configuration allows for simultaneous control and monitoring of 
pelvic and ankle motion using partial body weight support and 
Assistance As Needed (AAN) approaches. Preliminary 
evaluations were conducted with pediatric patients with 
Cerebral Palsy, involving two ambulatory six-year-olds and one 
non-ambulatory four-year-old, over a series of 10 gait 
rehabilitation sessions. Data analysis from the ambulatory 
children showed a decrease in the robotic effort required to assist 
limb movements along healthy trajectories throughout the 
sessions, accompanied by an increase in walking speeds.  Further 
work will include expanding the patient cohort to include a 
broader range of ages, sizes and GMFCS levels to validate the 
system's effectiveness across a wider spectrum of pediatric gait 
disabilities and validating the traction effectiveness. 

I. INTRODUCTION

 Over the last few decades, there has been growing interest 
in the development of robotic platforms designed for 
assistance/rehabilitation. The benefits of these devices stem 
from their ability to deliver controlled training assistance 
during therapies and to generate precise quantitative data of 
the patient’s performance, [1]. Numerous systems have 
emerged specifically for gait training rehabilitation, including 
well-known examples such as: Lokomat [2], LOPES [3], and 
CPWalker (by our research group) [4], to name but a few. 
Although there is a considerable number of these robots for 
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rehabilitation of adults, they are still scarce for children [5], 
due to the peculiarities of this population, [6], [7]. Researchers 
have created mobile robots to improve crouch gait, [8], that the 
infant can ride, [9],  to promote crawling, [10], or body weight 
support systems to promote motor learning [11]. These 
approaches, while potentially giving the child some sense of 
independent mobility, do not encourage developing any motor 
skills (limited benefits) or very constrained training. Early 
active movement is essential because toddlers with CP who do 
not attempt to walk may lose their limited number of 
corticospinal connections, which seems a major cause of 
disability, [12]. 

This article introduces the Discover2Walk (D2W), a 
pediatric gait rehabilitation platform that employs a multi-
module structure based on cable-driven robotics to aid in gait 
assistance during the initial motor development stages of 
children with Cerebral Palsy (CP). The study offers a thorough 
examination of the system's design, encompassing its 
architecture, mechanical aspects, and electronics. 
Additionally, it delves into the intricacies of the control 

Gabriel Delgado-Oleas is also with Universidad del Azuay, Cuenca, 
Ecuador. 

Annemarie F Laudanski is with Dalhousie University, Nova Scotia, 
Canada. 

Álvaro Gutierrez is with ETSI Telecomunicación, Universidad 
Politécnica de Madrid, Madrid, España. 

Discover2Walk: A cable-driven robotic platform to promote gait in 
pediatric population 

Pablo Romero-Sorozabal, Gabriel  Delgado-Oleas, Annemarie F Laudanski Member IEEE, Álvaro 
Gutiérrez  Senior Member IEEE  Eduardo Rocon , Member IEEE 

Fig. 1. Overview of the full Discover2Walk (D2W) platform. Left image: 
picture of the D2W platform and actuators positions. Right image: system 
components of the system highlighted while the platform is used by a healthy 
subject. 
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strategies employed by D2W. Preliminary validation  results 
for the D2W are also presented, providing valuable insights 
into its efficacy and potential impact. 

II. DESIGN OF THE DISCOVER2WALK

A. Robotic Platform Design
Existing assistive robots are inappropriate for toddlers due 

to their rigid structure and traditional actuators, which limit 
the child’s ability to guide the therapy and explore their own 
motor repertoire, [13].  Thus, such rigid and cumbersome 
form factor of current technology are incompatible with the 
dynamic movements and pliable limbs of toddlers, which 
often lead to increase the risk for lesions due to excessive 
pressure to the skin. The following sections detail the design 
rationale behind the development of the Discover2Walk 
system, which is engineered to facilitate toddler support 
during upright gait, aid in breathing, and provide assistance 
with weight-bearing, [14]. 
1) Discover2Walk structure

Traditionally, robotic platforms consist of rigid links and
mechanical joints placed alongside the human limbs to 
enhance/assist patient joints motion, [15]. Despite their 
promising results across a range of neuro-pathologies, there is 
an increasing shift towards exploring the potential benefits of 
integrating flexible actuators over traditional rigid ones, [16].  

The design of Discover2Walk is founded upon a cable-
driven solution, which effectively tackles various challenges 
associated with rigid designs, such as the inertia of added 
weight and potential misalignments in human-robot joints 
[17], [18]. Several cable-driven devices have already 
demonstrated their efficacy in gait rehabilitation applications, 
such as THE FLOAT for body weight support during gait [19], 
A-TPAD for studying force adaptations at the pelvis during
human walking [20], and CDLT, a gait training machine
comprising a body weight support system and a cable-driven
parallel orthosis, [21]. Drawing inspiration from these
solutions, Discover2Walk features a structure crafted from
aluminum profiles (BOSCH, Germany), forming a rectangular
prism (0.89x0.65x1.2m), which accommodates the pelvic,
ankle, and traction modules (Fig. 1). The subsequent
paragraphs elaborate on the specific solutions implemented for 
each component of the Discover2Walk system.

a) Pelvic Module
The pelvic module consists of a suspended parallel system 

driven by four cables designed for partially body-weight 
support and control of pelvic position and orientation. The 
patient’s pelvis is securely connected to the system by 
attaching the module’s cables to a modified commercial hip 
orthosis (PRIM, Spain). This modification consists of a “U” 
shaped rigid aluminium frame attached to the lateral sides of 
the orthosis, allowing the cables tensions to be transmitted to 
the pelvis while reducing potential energy losses resulting 
from the orthosis’ flexible materials (Fig. 2a).  

Nylon coated 7x19 316 Marine Grade Stainless Steel cables 
(TECNI, United Kingdom) with a maximum breaking load 
(MBL) of 22kg are used in this module. These cables were 
selected due to their small diameter, flexibility, and tensile 
strength capable of controlling motion and supporting 
bodyweight in children up to 30kg. 
Actuation. To control the patient’s pelvis position and 
bodyweight support the pelvic module uses four Dynamixel 
XH540-W150-T servomotors (ROBOTIS, United States) 
symmetrically arranged at the platform’s top corners (Fig. 1). 
These control the pelvic’ cable lengths and allow ≤7.1Nm 
(stall torque) and 70rpm no load velocity which translates to: 
≤51.7Kg per cable and cable speeds of 0.102m/s for drum radii 
of 0.014m. 
Sensors. To monitor the pelvis motion and control the partial 
bodyweight support, the pelvic module includes three main 
types of sensors: inertial measurement units (IMUs), motor 
absolute encoders, and load cells. A BNO055 IMU sensor 
(BoschSensortec, Germany),  composed of a triaxial 
accelerometer, gyroscope and geomagnetic with I2C, UART 
available communication protocols, was attached to the pelvic 
orthosis. The IMU placed in the back of the pelvic orthosis is 
used to monitor the pelvis orientation (rotation, tilt and 
obliquity), velocities and accelerations. Data from the motors’ 
embedded absolute encoders, used to measure cable lengths, 
are combined with the IMU-based pelvis orientation to 
compute the pelvis position with respect the frame origin of 
coordinates through forward kinematics through the 
numerical methods explained below, [22].  

a) Pelvis orthosis. b) Ankles orthosis c) Pelvis pulley mechanism. 

Fig. 2. Discover2Walk orthosis and pulley mechanisms. 
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The weight supported by each cable of the pelvic module 
is measured using a DYMH-103 load cell with a maximum 
capacity of 20Kg (CALT sensor, China), placed inside a 
custom pulley mechanism for each motor. This system of 
pulleys allows the cable real tension (𝑇𝑇) to be calculated from 
the measured reaction force F, where F = 𝑓𝑓(𝑇𝑇), (Fig. 2c). The 
design mechanism’s dynamics are described as: 

𝐹𝐹1  =  𝑇𝑇1 – 𝑇𝑇2 – 𝑚𝑚1 ⋅ 𝑎𝑎1  (1) 

𝑇𝑇1 = 𝐼𝐼1⋅𝛼𝛼1
𝑟𝑟1

+ 𝑇𝑇2  (2) 

𝑇𝑇 = 𝐼𝐼2⋅𝛼𝛼2
𝑟𝑟2

+ 𝑇𝑇1  (3) 
Assuming that the pulleys and load cell are static and that 

the cable and pulley masses are negligible when compared to 
the end-effector mass, then, from (2) and (3),  𝑇𝑇 ≈ 𝑇𝑇1 ≈ 𝑇𝑇2, 
where 𝑇𝑇1  and 𝑇𝑇2 are the cables tensions form the motor drum 
to pulley 1 and form pulley 1 to pulley 2, therefore, the tension 
of the cable can be estimated as twice the vertical reaction 
force sensed by the load cell (𝑇𝑇 ≈ 2𝐹𝐹1). 

b) Ankles Module
The ankles module uses a spatial parallel cable-driven 

solution of four cables to control the force applied at the 
patient's ankles to assist in following specific cartesian 3D gait 
trajectories. The force transmission to the ankles is achieved 
using modified commercial foot straps designed for cable 
machines and resistance bands (SYL Fitness®) (Fig. 2b). 
These modified ankle straps were connected to the module 
using 8xbraided Kevlar® wires of 0.5mm diameter with a 
tensile strength of 45.4kg (SeaKnight®). 

Actuation. To assist the movement of the ankles along their 
gait trajectories, each ankle is powered by four direct-drive 
outrunner brushless motors, specifically the DUAL SHAFT 
MOTOR – D6374 150KV (OdriveRobotics, United States), 
providing up to 3.89Nm (nominal torque) and 5760rpm (no 
load), which translates to: 13.9Kg per cable an d cable speeds 
of 16.9m/s for drum radii of 0.028m. 

Sensors. Cable lengths are measured using AMT102-V 
encoders (CUIDevices, United States), fixed to the cable 
motors. Meanwhile, ankle positions are estimated through the 
application of forward kinematics, mirroring the methodology 
employed for the pelvis. The interaction of ankle forces is 
derived from the measured motor current profiles, leveraging 
the fact that the outrunner brushless motors utilized exhibit 
minimal torque resistance and operate via direct drive. 

c) Traction Module
The traction module assists translation and rotation of the 

whole platform according to the patient’s estimated motion 
intention. It is composed of four 254mm diameter aluminium 
mecanum wheels with bearing shafts at 45º and load capacities 
of 40kg each (Nexus Robot, China), Fig. 1. 
Actuation. To assist patient motion in space, the traction 
module uses four direct drive brushless EC 90 Flat 600W 
motors (MAXON, Switzerland), one per mecanum wheel, 
supporting up to 1.5N/m (nominal torque) and 2080 rpm (no 
load). 
Sensors. To measure the platform orientation, a BNO055 IMU 
sensor (BoschSensortec, Germany) is mounted on the front 
portion of the frame. For monitoring wheels positions, 
velocities, the system integrates AMT102-V encoders 
(CUIDevices, United States) for each wheel. Torques of the 
wheels are estimated in a manner akin to the ankle module, 
through the measured currents from the brushless direct drive 
motors. 
2) System Architecture

The system presents a bio-inspired control architecture
designed to mirror the Central Nervous System (CNS) 
organization (Fig. 3), [23].  This architecture is divided into 
three hierarchical levels: 1) high level: representing the 
“perception-intention / voluntary commands” encompassing 
a clinical interface designed for adjusting spatiotemporal gait 
parameters, regulating the level of assistance or body weight 
support, and monitoring patient kinetics and kinematics; 2) 
middle level: representing the “central pattern generator”, 
represented as a gait pattern generator developed by the 
authors, [24], which coordinates the motion of the D2W 
modules (pelvic, ankles, and traction) in real-time and 
customizes the gait trajectories according to the patient’s 
characteristics; 3) low level: representing the “execution”, 
including the real-time control algorithms which oversee the 
operation of the modules’ actuators and sensors. 

The platform’s main control parameters (bodyweight 
support, level of assistance at the ankles, and gait speed) as 
well as the patient’s measured kinematic and kinetic profiles 

Fig. 3. General architecture of the Discover2Walk system. The system is 
divided into three hierarchical levels. At the high level, a clinical interface 
allows configuration and monitoring of the robotic therapy prescribed; at the 
middle level, the gait pattern generator synchronizes the low-level modules; 
and at the low level, the pelvic, ankles, and traction modules sense and 
control the joint motions following the setpoints of the gait pattern generator. 
All programs are built as ROS2 nodes running on single board computers 
(SBCs) (one per level) which communicate via Ethernet/WiFi.  

4680



are controlled and monitored in real-time from the clinician 
interface at the high level. This interface has been developed 
as an easy-to-use software to command and monitor D2W 
through a web interface running local as a server in the robot 
computer built using HTML, NodeJS, JS, CSS and ROS2.   

The D2W module actuations are synchronized in the 
middle level using a gait pattern generator, enabling the 
system to estimate the patient’s three-dimensional joint 
trajectories and their gait velocity in real-time, [24]. These 
estimated trajectories are then used as setpoints to 
synchronize the assistance provided by the low-level 
modules.  

The low-level modules (pelvic, ankles, and traction) are 
responsible for controlling the patient motions, and are 
synchronized by the gait generator. The modules’ controllers 
were programmed in C++ and Python and subsequently 
embedded as ROS2 nodes. Each module communicates with 
its respective sensors and actuators at high frequencies 
(>1kHz) and directly control the individual motor 
positions/currents.  

All three-layer nodes run on single board computers 
(SBC) LattePanda 3 Delta 864 8GB RAM/64GB eMMC 
(Lattepanda, China), OS Ubuntu 20.04 with a PREEMP_RT 
patch to archive soft real-time performances, [25]. The 
communication method used is based on Robot Operating 
System 2 (ROS2) [26]. 

III. MODELLING AND CONTROL

A. Cables-driven systems
While both the pelvic and ankle modules contribute to

motion assistance through the management of cable lengths 
and tensions, they vary in their kinematic setups. The pelvic 
module adopts a suspended cable-driven approach, featuring 
four motors positioned at the top of the structure, (Fig. 4, Top 
schematic), whereas the ankle module employs non-
suspended configurations, incorporating two frontal and two 
rear motors on each side, thus creating a trapezoidal 
workspace, (Fig. 4, Botton schematic). 

Although both the pelvic and ankles modules assist 
motion by controlling cable lengths/tensions, they differ in 
kinematic configurations. The pelvic module uses a 
suspended cable-driven approach with four motors placed at 
the top of the structure, (Fig. 4, Top schematic) while the 
ankles module uses non-suspended configurations with two 
frontal and two rear motors for each side, generating a 
trapezoidal workspace,  

Both systems however calculate the three-dimensional 
joint trajectory setpoints and body weight support force 
vectors by mapping these into the cable-space as cable lengths 
through inverse kinematics or cables tensions through a 
kinetic formulation. 
1) Inverse Kinematics

The inverse kinematics approach (𝝋𝝋IK) to obtain the cable
lengths 𝑙𝑙 ̅ = [𝑙𝑙1̅ … 𝑙𝑙𝑚̅𝑚] of a cable driven system is defined as: 

𝝋𝝋𝐼𝐼𝐼𝐼(𝑟̅𝑟,𝑹𝑹) =  𝑙𝑙 ̅ (4) 

𝑟̅𝑟 =  �𝑞𝑞𝑥𝑥  𝑞𝑞𝑦𝑦  𝑞𝑞𝑧𝑧�
′ (5) 

𝑹𝑹 = 𝑹𝑹𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑹𝑹𝑞𝑞𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑹𝑹𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦  (6) 

𝑙𝑙𝑖̅𝑖 =  𝑎𝑎�𝑖𝑖 − 𝑟̅𝑟 − 𝑹𝑹𝑏𝑏�𝑖𝑖             𝑓𝑓𝑓𝑓𝑓𝑓   𝑖𝑖 = 1, … ,𝑚𝑚 (7) 

𝑢𝑢�𝑖𝑖 = 𝑙𝑙𝑖̅𝑖
||𝑙𝑙𝑖̅𝑖||

 , (8) 

where 𝑟̅𝑟 (𝑟̅𝑟 𝜖𝜖 ℝ3) represents the end-effector’s cartesian 
position with respect to the platform’s frame origin of 
coordinates, 𝑅𝑅 (𝑅𝑅 𝜖𝜖 ℝ3𝑥𝑥3) is the end-effector rotation matrix; 
𝑙𝑙𝑖̅𝑖 is the 𝑖𝑖𝑡𝑡ℎ cable vector; 𝑎𝑎�𝑖𝑖 (𝑎𝑎�𝑖𝑖 𝜖𝜖 ℝ3) defines the cartesian 
position of the 𝑖𝑖𝑡𝑡ℎ pulley with respect to the origin of 
coordinates; 𝑏𝑏�𝑖𝑖 (𝑏𝑏�𝑖𝑖 𝜖𝜖 ℝ3) is the cartesian positions of the 𝑖𝑖𝑡𝑡ℎ 
cable’s anchor point to the end-effector with respect to the 
end-effector’s reference system, 𝑚𝑚 is the number of cables 
and 𝑢𝑢�𝑖𝑖 is a unit vector pointing from the end-effector to the 
structure. 
2) Forward Kinematics

The system modules do not directly measure the end-
effector pose however this can be computed through forward 
kinematics ( 𝝋𝝋DK).  

In contrast with the 𝝋𝝋IK computation, solving the forward 
kinematics problem in a cable-driven system is a more 
complicated task. Depending on the cable lengths, 𝑙𝑙 ,̅ and the 
robot configuration, an infinite number of solutions are 

Fig. 4. Geometric schematic of the pelvic and ankles modules; where are 
represented the joint’s 𝑗𝑗 - 𝑖𝑖𝑡𝑡ℎ cable vector 𝑙𝑙𝑖𝑖

𝑗𝑗,  cable attachment point to 
the frame 𝐴𝐴𝑖𝑖

𝑗𝑗 and corresponding vector 𝑎𝑎�𝑖𝑖
𝑗𝑗, the end-effector cable 

attachment points and vectors 𝐵𝐵𝑖𝑖
𝑗𝑗 and 𝑏𝑏�𝑖𝑖

𝑗𝑗 and the cartesian position vector 
and rotation matrix of the end-effector 𝑟̅𝑟𝑗𝑗 and ,𝑹𝑹𝒋𝒋. Top schematic: the 
pelvic module presents a suspended kinematic configuration with four 
motors placed in a rectangular configuration at the top of the structure. 
Bottom schematic: representing the left ankle module, made up of four 
motors, two frontal motors which share “x-z” positions and two rear 
motors sharing “x-y” positions, to create a 3D workspace. 
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possible given the mathematical definition of poses involve 
the intersection between 𝑖𝑖 spheres of radius ||𝑙𝑙𝑖̅𝑖|| with origins 
in 𝑎𝑎�𝑖𝑖, [27]. This problem it is commonly solved by applied 
numerical approaches [22], such as nonlinear least squares 
data fitting such as: 

𝜓𝜓𝑖𝑖�𝑙𝑙𝑖̅𝑖 , 𝑟̅𝑟,𝑹𝑹� = ||𝑎𝑎�𝑖𝑖 − 𝑟̅𝑟 − 𝑹𝑹𝑏𝑏�𝑖𝑖||𝟐𝟐 − ||𝑙𝑙𝑖̅𝑖||𝟐𝟐 = 0  (9) 

𝛷𝛷�𝑙𝑙�̅ = 𝑚𝑚𝑚𝑚𝑚𝑚∑ 𝜓𝜓𝑖𝑖
𝑁𝑁−1
𝑖𝑖=0  , (10) 

where 𝜓𝜓𝑖𝑖  is the 𝑖𝑖𝑡𝑡ℎ  cable’s length error function used to 
minimize the function Φ, that represent the sum of all the 
errors 𝜓𝜓𝑖𝑖 . 

Combining these equations for the pelvic module, a 
system with six degrees of freedom (6DoF) and four cables, 
results in an indeterminate system characterized by six 
unknown variables and four cable equations. To reduce the 
number of unknowns and create a determinate problem, the 
system was simplified by incorporating pelvic orientation 
information (3 rotations from the IMU that define the 
rotational matrix R).  

For the ankle orthosis system, which also employs a four-
cable, 6-DoF setup, a similar dimensional reduction is not 
feasible due to the absence of rotational data. Attaching IMUs 
directly to the feet was avoided to reduce the complexity and 
bulk of wiring needed, which could hinder patient comfort 
and mobility. As a result, the ankle positions and orientations 
are estimated using nonlinear least squares data fitting based 
on (9) and (10).  
3) Statics

Assisting gait requires that forces be applied to the
patients. To map the cable tensional force modules, 𝑇𝑇𝑖𝑖, to end-
effector wrench, 𝑓𝑓̅, the following static equations are applied: 

 ∑ T𝑖𝑖𝑢𝑢�𝑖𝑖𝑚𝑚
𝑖𝑖=1 + F� =  0  (11) 

 � 𝑏𝑏�𝑖𝑖 ×𝑚𝑚
𝑖𝑖=1 T𝑖𝑖𝑢𝑢�𝑖𝑖 +  𝜏𝜏̅ =  0  (12) 

�
 𝑢𝑢�1

 𝑢𝑢�1 × 𝑢𝑢�1

…

…

 𝑢𝑢�𝑚𝑚

 𝑢𝑢�𝑚𝑚 ×  𝑢𝑢�𝑚𝑚
� �

 𝑇𝑇1
 … 
 𝑇𝑇𝑚𝑚

�   =  �
𝐹𝐹�

 … 
 𝜏𝜏̅
�  (13) 

 𝑨𝑨𝑇𝑇(𝑟̅𝑟,𝑹𝑹)  T�  𝑓𝑓 ̅
where 𝑨𝑨𝑇𝑇 is called the structure matrix and represents the 
transpose of the Jacobian matrix [27], T� is the  vector of cable 
tensions modules and F� and 𝜏𝜏̅ are the cartesian force and 
torque applied at the end-effector that define the wrench 𝑓𝑓̅.  

B. Pelvic Control
The pelvic module plays a dual role in the rehabilitation

system: tracking the three-dimensional gait trajectories output 
by the gait generator, 𝜙𝜙∗(𝑟̅𝑟(𝑡𝑡),𝑹𝑹(𝑡𝑡)), and actively managing 
the desired bodyweight support expressed as the target 
vertical force F�𝑧𝑧(𝑡𝑡)∗, (Fig. 5). The implemented bodyweight 
controller compensates for errors in vertical force using a 
force-position PID approach. This force error, 𝜉𝜉 F�𝑧𝑧(𝑡𝑡), is 
obtained by subtracting the sensed wrench,  𝑓𝑓̅(𝑡𝑡), from the 
target support force vector  F�𝑧𝑧(𝑡𝑡)∗, where  𝑓𝑓̅(𝑡𝑡) is obtained by 
constructing the 𝑨𝑨𝑇𝑇  matrix based on the computed pelvis 

position, 𝑟̅𝑟𝝋𝝋DK�, from the forward kinematics, and the sensed 
cables tensions, T� and applying (13) as:  

𝑓𝑓̅ =  𝑨𝑨𝑇𝑇�𝑟̅𝑟𝝋𝝋𝐷𝐷𝐷𝐷� ,𝑹𝑹𝐼𝐼𝐼𝐼𝐼𝐼� 𝑇𝑇�                 (144) 

The force-position controller’s output represents the 
vertical position increments, Δ𝑟̅𝑟𝑧𝑧, of the end-effector target 
position which can be used to adjust the supported vertical 
load. This increment, Δ𝑟̅𝑟𝑧𝑧, is added to the gait generator 
trajectory setpoints to yield an adapted setpoint, ′𝜙𝜙∗ which is 
then mapped to the cable-space using inverse kinematics 
(𝝋𝝋IK(𝜙𝜙∗)). The resultant cable lengths are controlled by the 
low-level Dynamixel position PID. 

C. Ankles Control
To ensure that patients’ lower limbs followed natural gait

trajectories during rehabilitation, an Assist-As-Needed 
(AAN) control strategy was implemented at the ankles 
module. This strategy smoothly tracks the joint trajectories, 
𝜙𝜙∗, provided by the gait generator, using an impedance-based 
controller for each cable actuator, (Fig. 6).  

The implemented controller initially maps the ankles 
trajectories during gait into the cable-space using inverse 
kinematics, 𝝋𝝋IK(𝜙𝜙∗). Based on the computed cables’ lengths 
and velocities it is applied the general mechanical impedance 
model, F = (𝐾𝐾𝑆𝑆 𝜉𝜉𝑙𝑙̅  + 𝐷𝐷 𝜉𝜉𝑙𝑙̅̇), [28], such that the cables perform 
as spring-damping actuators. The position and velocity errors 
of the cables, 𝜉𝜉𝑙𝑙̅ 𝜉𝜉𝑙𝑙̅̇, are mapped to tension forces, T�. These 
forces are then converted to torque control inputs, 𝜏𝜏𝑖𝑖, by 
multiplying by the pulley radius, 𝑑𝑑𝑝𝑝. Finally, the resulting 
torque inputs are controlled by the low-level PID torque 

Fig. 5. Pelvic module control diagram. 

Fig. 6. Ankles control diagram. 

Fig. 7. Traction control diagram. 
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controllers embedded on the Odrive drivers. The “level of 
assistance” felt by the patient is determined by the stiffness, 
𝐾𝐾, and damping, 𝐷𝐷, coefficients of the impedance model. To 
provide the clinicians with an easy-to-use selection method 
and avoid unstable configurations a lookup table was created 
with ten pre-tuned impedances with stiffness values raging 
form 0 to 300 and dumping from 0 to 20. 

D. Traction Control
To assist the user’s motion around the environment, an

omnidirectional traction module was built to support the 
platform. The system consists of four mecanum wheels 
distributed with two in the front and two in the rear. The 
inverse kinematics of the module, assuming no wheel sliding, 
are defined by: 

�

𝜔𝜔1
𝜔𝜔2
𝜔𝜔3
𝜔𝜔4

� = 1
𝑟𝑟
�

 1 − 1      − (𝑎𝑎 + 𝑏𝑏)
  1  1 − (𝑎𝑎 + 𝑏𝑏)
  1 − 1  (𝑎𝑎 + 𝑏𝑏)
 1  1  (𝑎𝑎 + 𝑏𝑏)

� �
𝑣𝑣𝑥𝑥
𝑣𝑣𝑦𝑦
𝜔𝜔
�, (15) 

where, 𝑤𝑤𝑖𝑖  is the angular velocity of the wheels in [rad/s], 𝑟𝑟 is 
the wheel radius in meters [m], 𝑎𝑎 and 𝑏𝑏 are the distances 
between the wheel and the centre of the robot in x and y, 
respectively, and 𝑣𝑣𝑥𝑥 and 𝑣𝑣𝑥𝑥 are the planar linear velocity 
components and 𝜔𝜔 the angular velocity of the system, [29]. 

 The traction control loop also requires two inputs: 1) the 
desired orientation θ�∗ and 2) the selected linear velocity 𝑣̅𝑣T∗ . 
The orientation of the platform is controlled based on the 
correction readings of the IMU attached to the platform frame. 
The output of this controller, 𝑣̅𝑣R∗ , is added to the linear velocity 
as an angular velocity component to yield the final target 
velocity vector 𝑣̅𝑣∗. From 𝑣̅𝑣∗ the wheel velocities, 𝜔𝜔�∗, are 
obtained usign the aforementioned inverse kinematics and 
controlled at the low-level using the PID velocity controller 
embeded in Odrive motor drivers, (Fig. 7). 

IV. PRELIMINARY EVALUATION OF DISCOVER2WALK

The technical evaluation of the Discover2Walk system
was conducted with a focus on the functional capabilities of 
the system. We evaluated the innovative combination of 
cable-driven pelvis assistance, bodyweight support, and ankle 
assistance. As a result, the omnidirectional platform was 
substituted with a treadmill to eliminate the potential 

complexities introduced by the omnidirectional motion of the 
traction system, (Fig. 8). 

We validated the device with a small group of subjects 
comprising two six-year-old boys (N1 and N2) of 115cm - 
20Kg and 121cm - 23Kg respectively. Both boys were 
diagnosed with Cerebral Palsy (CP), classified as Gross 
Motor Function Classification System (GMFCS) Level 1, 
with asymmetric spastic diplegia, more severe on the right 
side Additionally, the group included a four-year-old girl of 
94cm – 12Kg and  GMFCS level 4. The intervention protocol 
for the two boys was executed over 4-6 weeks, entailing 10 
sessions, each lasting up to one hour, per patient in the 
Hospital Niño Jesus de Madrid (HNJ). Initial sessions were 
dedicated to familiarization with the D2W modules, while 
subsequent sessions focused on active gait training, with the 
intent of gradually reducing assistance levels (both in ankles 
assistance and bodyweight support) while increasing gait 
speed. This approach aimed to challenge the participants and 
evaluate their adaptability and the effectiveness of the D2W 
platform. For the four-year-old girl classified as GMFCS level 
4, the protocol was adapted due to her pronounced motion 
limitations and spasticity. These sessions served as a proof-
of-concept, exploring the system's capability to offer 
therapeutic benefits and expose her to rehabilitation activities, 
highlighting the system's adaptability to varied pediatric 
neuro-motor challenges. 

For a comprehensive analysis, the change in various 
system metrics, including: 1) the position error and assistance 
torque of the ankles modules; 2) the amount of weight support 
provided; and 3) the treadmill walking speed, were tracked 
across sessions. These measures helped evaluate the robot's 
effectiveness in assisting these movements and the patients’ 
ability to follow the prescribed gait trajectories. 

To better understand the dynamic between patients and 
robotic assistance, we introduce a novel metric named 'effort', 
(𝜖𝜖). This metric, denoted as the product of the controlled 
ankle’s cable’s tensions 𝑇𝑇� and ankle’s cable length position 
errors 𝜉𝜉𝑙𝑙̅, serves as a quantitative indicator of the robot's 
engagement in guiding patient’s legs through prescribed gait 
trajectories, thereby directly correlating module error and 
assistance. The rationale behind this metric draws from the 
fundamental principle of work, expressed as 𝑊𝑊 =  𝐹𝐹𝐹𝐹, where 
W denotes work, 𝐹𝐹 signifies force, applied over a distance, 𝑑𝑑. 

Fig. 8. Lateral view of the three patients engaged in this Discover2Walk preliminary evaluation and a comparison of the average sagittal trajectories of patient 
N1 during their last therapy session (leftmost figure). Three gait profiles are shown: the blue traces illustrate the patients' natural gait patterns without the 
system, the orange traces illustrate the altered gait profiles when aided by the platform, and the grey dotted traces illustrate the healthy mean gait trajectory 
given by the gait generator. 
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In our specific context, 𝐹𝐹 is represented by 𝑇𝑇� (which indicates 
the level of assistance rendered by the robot), while 𝑑𝑑 can be 
understood as the position error 𝜉𝜉𝑙𝑙̅ (depicting the extent of 
deviation from the ideal trajectory in the patient's movement). 
To analyse changes in 𝜖𝜖, walking speed, and body weight 
support across the therapeutic sessions, we conducted a linear 
regression analysis using Matlab2022®.  This comprehensive 
approach enables us to discern patterns and quantify the 
impact of these variables on the therapeutic process. 

The analysis revealed encouraging trends for both male 
participants, (Fig. 9). Patient N1 exhibited a progressive and 
consistent decrease in the robotic effort of -67.47% relative to 
the initial session (-64.88% for the left leg and -69.03% for 
the right leg), indicating symmetrical improvement and equal 
limb engagement in the rehabilitation sessions. Despite an 
increase in the applied weight support of 48.51% relative to 
the first session, gait speed was observed to increase across 
sessions (7.24 %), suggesting a shift towards more confident 
and faster walking patterns. Patient N2's data also revealed a 
decrease in robotic effort of -33.86 %  (-31.35 % for the right 
leg and -38.2% for the left leg). This improvement was 
accompanied by an increase in gait speed (31.23%) and a 
decrease in weight support (-17.46%) indicating enhanced 
motor control and a growing ability to support their own 
weight.  

These outcomes, marked by reduced reliance on robotic 
assistance and improved gait speed, underscore the 
Discover2Walk system's potential in advancing pediatric 
rehabilitation towards greater independence and motor 
function recovery. 

V. CONCLUSION

This work presents the Discover2Walk (D2W), a novel 
gait rehabilitation platform designed for pediatric early gait 

rehabilitation. By employing cable-driven soft modules, the 
D2W platform addresses several limitations inherent in 
traditional rigid robotic platforms, such as joint 
misalignments and restricted degrees of freedom. This design 
allows for potentially more adaptable therapeutic approaches 
that can accommodate a variety of body shapes and sizes. 

The system was evaluated on three pediatric patients 
across 10 sessions, including two six-year-olds (GMFCS 
Level I) and one four-year-old (GMFCS Level IV). This 
preliminary evaluation aimed to assess the feasibility of the 
cable-driven actuated modules in supporting pediatric gait 
rehabilitation. The results showed a trend of decreasing 
robotic effort required to assist the patients' limbs and an 
increase in walking speed over the sessions, suggesting 
potential benefits of the Discover2Walk system for early gait 
rehabilitation. 

 However, the current study is limited by the small sample 
size and the relatively homogeneous characteristics of the 
participants. To better understand the flexibility and 
adaptability of the platform across different body types and 
clinical presentations, further studies involving a broader 
range of participants and more varied clinical profiles are 
needed. 
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the right pertain to Patient N2, showing a marked decrease in robotic effort (Δ : -33.86%), an increase in gait speed (Δ : 31.23%) , and a reduction in weight 
support (Δ : -17.46%) . 
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