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Rehabilitation robotics aims to promote activity-dependent reorganization of the nervous system. However, peo-
ple with paralysis cannot generate sufficient activity during robot-assisted rehabilitation and, consequently, do
not benefit from these therapies. Here, we developed an implantable spinal cord neuroprosthesis operating in a
closed loop to promote robust activity during walking and cycling assisted by robotic devices. This neuroprosthe-
sis is device agnostic and designed for seamless implementation by nonexpert users. Preliminary evaluations in
participants with paralysis showed that the neuroprosthesis enabled well-organized patterns of muscle activity
during robot-assisted walking and cycling. A proof-of-concept study suggested that robot-assisted rehabilitation
augmented by the neuroprosthesis promoted sustained neurological improvements. Moreover, the neuropros-
thesis augmented recreational walking and cycling activities outdoors. Future clinical trials will have to confirm

these findings in a broader population.

INTRODUCTION

Gait rehabilitation is the only common therapy to augment recovery
of ambulation from neurological disorders, including spinal cord
injury (SCI) (1-3). Mounting evidence indicates that gait rehabilita-
tion promotes activity-dependent reorganization of the nervous sys-
tem, which augments functional recovery (1, 4, 5). This mechanism
of action defines the principles for effective therapies: the robust,
coordinated, and repeated activation of the neuromuscular system
is critical to promote the activity-dependent reorganization of the
nervous system that maximizes neurological recovery (4, 6, 7). This

"NeuroX Institute and Brain Mind Institute, School of Life Sciences, Swiss Federal
Institute of Technology (EPFL), Lausanne, Switzerland. 2Department of Clinical
Neuroscience, Lausanne University Hospital (CHUV) and University of Lausanne
(UNIL), Lausanne, Switzerland. >Defitech Center for Interventional Neurotherapies
(NeuroRestore), EPFL/CHUV/UNIL, Lausanne, Switzerland. *Biorobotics Laboratory,
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. SONWARD
Medical, Lausanne, Switzerland. 6Sensory-Motor Systems Lab, Department of Health
Sciences and Technology, Institute of Robotics and Intelligent Systems, ETH Zurich,
Zurich, Switzerland. ’Spinal Cord Injury Center, University Hospital Balgrist, Univer-
sity of Zurich, Zurich, Switzerland. *VAMED Management and Service Switzerland
AG, Zurich, Switzerland. "Hocoma AG, Volketswil, Switzerland. "°ZHAW, Zurich Uni-
versity of Applied Sciences, School of Health Sciences, Institute of Occupation-
al Therapy, Zurich, Switzerland. "'Myoswiss AG, Zurich, Switzerland. 'Medtronic,
Minneapolis, MN, USA. 30xford University, Oxford, UK. "Institut des Maladies
Neurodégénératives (CNRS UMR 5293), Université de Bordeaux, Bordeaux, France.
5Bern University of Applied Science, SCI Mobility Lab, University of Bern, Bienne,
Switzerland. '°GBY (Go-by-Yourself) SA, Vuisternens-en-Ogoz, Switzerland. "De-
partment of Neurosurgery, Lausanne University Hospital (CHUV) and University of
Lausanne (UNIL), Lausanne, Switzerland.

*Corresponding author. Email: gregoire.courtine@epfl.ch (G.C.); jocelyne.bloch@
chuv.ch (J.B.); joachim.vonzitzewitz@onwd.com (J.V.Z.)

1These authors contributed equally to this work.

$These authors contributed equally to this work.

Hankov et al., Sci. Robot. 10, eadn5564 (2025) 12 March 2025

knowledge has been translated into the design of robotic systems
that aim to leverage sensory information patterns to activate the
neuromuscular system (8-14). However, this strategy based on me-
chanically driven motion of the limbs to augment activity remains
insufficient to promote robust activation of the neuromuscular sys-
tem, especially in patients with paralysis (15).

This limitation triggered the development of complementary
neuroprosthetic strategies that aim to synchronize the activation of
the neuromuscular system with robotic systems during gait reha-
bilitation (I, 7). The main strategy already integrated in clinical
practices involves functional electrical stimulation (FES) of muscles
(16-18). However, this methodology presents several limitations
(19, 20), such as the impractical placement of electrodes and rapid
exhaustion of muscles.

Epidural electrical stimulation (EES) of the spinal cord is an
emerging, fully implanted neuroprosthetic solution to promote ro-
bust, coordinated, and repeated activation of the neuromuscular
system during gait rehabilitation (5, 21-23). EES targets motor neu-
rons through the recruitment of large-diameter afferent fibers where
they bend to enter the spinal cord through the dorsal root entry
zones (4, 24-28). Because motor neurons innervating lower limb
muscles are distributed along the rostrocaudal extent of the lumbo-
sacral spinal cord, targeting individual dorsal root entry zones en-
ables the recruitment of specific motor neuron ensembles. In turn,
the recruitment of individual dorsal root entry zones with a tempo-
ral pattern that reproduces the natural activation of motor neurons
has restored standing, walking, cycling, and swimming in people
with complete paralysis due to SCI (29). We refer to this strategy as
activity-dependent biomimetic EES.
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These results open the intriguing possibility to integrate EES
technologies with robotic systems to maximize the activation of the
neuromuscular system during gait rehabilitation. Conversely, EES
technologies are not sufficient to support walking in the early stage
of the injury or when the injury is severe. Therefore, EES technolo-
gies and rehabilitation robotics may promote complementary sup-
port for people with SCI. However, this integration requires the
delivery of precisely timed EES patterns that match the require-
ments of widely different robotic systems and environments. This
rigorous synchronization is contingent on a flexible technological
framework operating in a closed loop that precisely interfaces
activity-specific blomimetic EES programs with the various robotic
devices commonly used across the continuum of care (30).

Here, we developed a technological framework to interface bio-
mimetic EES with robotic devices. Our preliminary evaluations in
five participants with SCI showed that biomimetic EES promotes
robust activation of the neuromuscular system during robot-assisted
walking and cycling. We also report that robotic systems enabled
people with severe paralysis to walk when EES alone was insufficient
to support independent walking. In turn, a proof-of-concept study
suggested that robotically assisted rehabilitation augmented by bio-
mimetic EES may promote the recovery of volitional movements
that persist when EES is turned off. Last, we illustrate the potential
synergy between biomimetic EES and robotic devices to augment
recreational activities outdoors (Movie 1).

RESULTS

Integration of biomimetic EES with robotics

We aimed to deliver biomimetic EES in combination with robotic
and/or assistive devices that are commonly used to support reha-
bilitation across the entire span of functional ambulatory categories
(FACs) (30). Biomimetic EES requires the delivery of spatially selec-
tive EES waveforms that each target specific groups of muscles.
Consequently, multiple EES waveforms must be turned on and oft
with a precise timing that matches the expected activation of the
targeted muscles during each phase of robot-assisted movements.
This synchronization requires closed-loop control of EES parame-
ters through wireless links that remain within latencies compatible
with the timing of muscle activation underlying these movements.
This synchronization is contingent on sensor technologies that can
detect the phase of the movement and motor intentions with high
accuracy and low latency while ensuring the safety of the patient.
The overall system is not only expected to be mobile, lightweight,
and highly reliable but also must meet the requirements for implanted
medical technologies. Last, an ideal feature of this system is the pos-
sibility to be implemented by nonexpert users across any approved

Movie 1. Augmenting rehabilitation robotics with spinal cord neuromodulation.
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robotic device without alteration of the device. We aimed to address
this ensemble of challenges with the following hardware and soft-
ware components:

1) Paddle lead. To target the ensemble of dorsal roots involved in
the control of leg muscles, we used two types of paddle leads, each
integrating 16 electrodes (Fig. 1A). The neurosurgical positioning of
the lead was optimized on the basis of personalized computational
models of the spine and intraoperative electrophysiology (Fig. 1A).

2) Implantable pulse generator. The paddle lead was connected to
the ACTIVA RC implantable pulse generator (IPG), which was
inserted in the abdomen. We engineered wireless communication
modules (29, 31) that enabled closed-loop control over the param-
eters of EES (Fig. 1A).

3) Neurostimulation platform. Real-time control of EES requires
a medical-grade software application that enables wireless updates
of EES parameters on the basis of external signals. For this purpose,
we developed the C# app that runs on a tablet. The software includes
a stimulation scheduler wherein personalized EES waveforms can
be injected to program biomimetic EES for each user and activity
(Fig. 1A).

4) Control algorithms. We developed an algorithmic framework
implemented within the app that supports the flexible configuration
of device-specific EES programs, termed EESP*V'“F, The algorithm
provides the user with the possibility to select the relevant sensing
technologies to control EES"*V'“F in a closed loop (Fig. 1, B to D).

5) Sensing. Biomimetic EES requires closed-loop control of EES
parameters on the basis of real-time monitoring of the ongoing
movements, device operations, or motor intentions. The features of
each robotic device determine the optimal sensing technologies to
synchronize EES with the robot. To meet these device-specific re-
quirements, we selected motion sensors, manual triggers, and force
Sensors.

5.1) Motion sensors. We integrated inertial measurement units
(IMUs) to monitor accelerations and angular velocities across the
three spatial directions. These units embed sensor fusion algorithms
that integrate inertial and magnetic signals to estimate drift-free
measurements of the device orientation with respect to the direction
of gravity. These IMUs allowed the detection of robot-assisted move-
ments to synchronize biomimetic EES (Fig. 1B).

5.2) Manual trigger. We designed handheld, appendable ergo-
nomic clickers that captured motor intentions, such as the intention
to perform a swing phase of the gait (Fig. 1C).

5.3) Force sensors. We equipped the cranks of a trike with sen-
sors that integrate a dynamometer, gyroscopes, and accelerometers
to measure the radial and tangential forces, crank angle, and radial
velocity during cycling. These sensors mounted on the cranks cap-
tured not only the ongoing phase of the stroke but also the ongoing
effort (Fig. 1D). The signals were streamed to the tablet over a low-
latency Wi-Fi link (7 + 4 ms).

This integrated chain of hardware and software components es-
tablished a wireless neurostimulation platform operating with a la-
tency of 134 + 26 ms that links the detection of robot-assisted body
movements, robotic device operations, and/or motor intentions to
the modulation of biomimetic EES programs to activate the neuro-
muscular system across the various types of existing robotic devices
for people with SCI (Fig. 2). In the next section, we demonstrate that
this technological framework addressed the challenges involved in
the rigorous synchronization of biomimetic EES with the actuation
of rehabilitation robotic devices.
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Fig. 1. Closed-loop control of the spinal cord neuroprosthesis. (A) Implanted neurostimulation platform that delivers EES through the 16 electrodes incorporated onto
two types of paddle leads inserted over the lumbosacral spinal cords of participants with partial or complete paralysis due to SCI. External sensors are used to trigger EES,
including IMUs to monitor accelerations and angular velocities across the three dimensions; handheld and appendable ergonomic clickers that capture binary responses
linked to a specific motor intent; and crank-mounted sensors that integrate a dynamometer, gyroscopes, and accelerometers to measure radial and tangential forces. The
signals from these sensors are streamed to an external processing unit, which consists of a handheld tablet with user-friendly interfaces enabling the configuration and
control of EESPE'E programs. Programs are spatiotemporal sequences of electrode configuration (waveforms), corresponding to functional movements, from a pre-
defined library. Last, the external processing unit sends commands to the implanted neurostimulation platform that delivers EES to close the loop. (B) IMUs—Representa-
tion of key events detected on the leg IMU signal (1 and 4 start of swing, 2 and 5 midswing, and 3 and 6 end of swing) in an exoskeleton. A threshold-crossing algorithm
with adjustable margin for each event that, on the basis of leg angles, triggers the corresponding spatiotemporal stimulation sequence of EES waveforms. (C) Handheld
and appendable ergonomic clickers. Representation of volitional button clicks triggering independent sequences of EES waveforms that are turned on and off over the
course of a duty cycle to support walking. (D) Sensorized pedals. Representation of an algorithm detecting the timing of the stroke phase on the basis of the signals from
the sensorized pedals. This detection triggers EES waveforms to activate extensor muscles. The amplitude of stimulation is tuned proportionally to the tangential force
developed by the participant with both arms.
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Functional ambulatory categories (FAC) across continuum of care
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Fig. 2. Rehabilitation robotic devices across the continuum of care. 3D rendering of various robotic devices that are commonly used for lower limb rehabilitation
across the continuum of care and that were interfaced with EES in the present study. The devices are ordered from left to right and top to bottom in ascending order on
the basis of the categories of FACs that can be addressed with each device. Robotic devices are interfaced with external sensors to synchronize the location and timing of
EES with the robotic actuation.
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Biomimetic EES augments robot-driven walking

We first asked whether EES could be interfaced with a complex ro-
botic device that provides complete assistance of the lower limbs dur-
ing body weight-supported stepping on a treadmill (FACs 1 to 3). We
selected Lokomat (Fig. 3A) because this device is routinely used for
ambulators who are dependent on continuous physical assistance (32).

During stepping on a treadmill, healthy individuals display cyclic
recruitments of lower limb muscles that are time locked to key gait
events. To capture this timing, we developed an orientation estima-
tion algorithm based on the IMUs. We first verified the robustness
of the algorithm. For this, we mounted an IMU onto a circular disc
with a position-controlled motor encoder that provided ground
truth orientation. After 15 min of continuous data streaming, the
mean error amounted to 2.21°, whereas the drift between IMUs and
the encoder was limited to 0.19°, showing that the algorithms exhib-
ited negligible drifts across time and movement speeds. Quaterni-
ons yielded by the algorithm were converted to user-interpretable
Euler angles (roll, pitch, and yaw) using a convention that avoided
singularities in the primary axis of rotation. We detected gait events
on the basis of a threshold-crossing algorithm with adjustable mar-
gins that maintained stability of detected events despite potential
delayed or dropped data packets.

We then programmed EES"OXMAT Ty reproduce the muscular
activity associated with walking, it is imperative to detect swing,
midswing, and stance events, because the onset and/or end of mus-
cle activity coincides with these events (Fig. 1B). We found that
IMUs placed on the left and right shanks led to the most accurate
detections (Fig. 3B). EES"O°M*T remained synchronized to the gait
cycle over the tested range of treadmill speeds, from 1.2 to 2.6 km/
hour (Fig. 3C).

We tested EES'OXOMAT i1 two individuals with partial (P1) and
complete (P5) SCI. Passive movements of the lower limbs driven by
the gait orthosis led to weak levels of muscle activity (Fig. 3, D and
E). EES"OXOMAT ugmented the recruitment of lower limb muscles
and improved the timing of muscle activity (Fig. 3E). This robust
activation led to improved gait performance, which was reflected in
the reduction in interaction forces with Lokomat (Fig. 3F). This re-
duction revealed that the participants contributed actively to the
motion, requiring less assistance from the gait orthosis.

Physiotherapists were asked to determine the optimal level of
body weight support (BWS) for stepping, as judged by the maxi-
mum weight bearing that still allows fluid lower limb movements.
Compared with the condition without EES"OXOMAT they selected a
substantial decrease in the level of BWS during EES"OXOMAT (p1, 42
to 20% BWS; P5, 78 to 51% BWS) (Fig. 3G).

We also asked whether biomimetic EES could engage the neu-
romuscular system with Erigo (33), which also moves the lower
limbs along predefined paths on a motorized tilt table (FACs 0 to
2). To ensure the stability of detection algorithms despite changes
in body orientation and speed, we merged signals from IMUs at-
tached to the tilting structure and lower limb actuators (fig. S1, A
and B). Participants with partial or complete paralysis who exhib-
ited no or negligible activity in lower limb muscles during passive
lower limb movements showed substantial and well-timed muscu-
lar activity when EES™™C was turned on (fig. $1, D and E). These
results demonstrate the possibility to leverage biomimetic EES to
augment the activation of the neuromuscular system during walk-
ing with robotic devices that provide complete assistance of lower
limb movements.

Hankov et al., Sci. Robot. 10, eadn5564 (2025) 12 March 2025

Biomimetic EES enables unrestricted walking with
robot-assisted balance

Multidirectional robotic BWS systems enable natural overground
walking in people with gait impairments, but these systems cannot
be used by people with paralysis. We thus aimed to illustrate that
biomimetic EES can be interfaced with these systems to enable natu-
ral overground walking (FACs 1 to 3).

We selected Rysen (Fig. 3H) because this system provides adjust-
able assistance along the three Cartesian directions during walking
in a large workspace (34). We configured a gravity assist (13, 35),
which consisted of selecting the optimal forward and upward forces
constantly applied to the trunk by Rysen to walk over ground.

Volitional walking requires initiating the swing phase of the
gait with a precise timing. To empower our participants with this
precision, we detected motor intentions using the ergonomic
clickers held in their hands. Two clickers enabled the participants
to trigger a sequence of EES waveforms that engaged the contralat-
eral flexor muscles to facilitate the left or right swing phases (Fig.
3I). Evaluations of this strategy in two participants with paralysis
showed that the safe environment enabled them to walk over
ground hands free.

Given that the objective of rehabilitation with systems such as
Rysen is to promote coordinated movements between the upper
and lower limbs, we also sought to synchronize EES®*EN on the
basis of IMUs attached to each arm (fig. S2A). This strategy en-
abled walking with a tight coupling between the upper and lower
limb movements.

We reasoned that these strategies may also enable participants to
accommodate step placements to environmental constraints. These
visually guided walking movements can be trained using robotic
systems equipped with augmented reality, such as C-Mill, which
provides BWS while targets are projected onto the treadmill belt to
inform the patient of the expected foot placements (fig. $2B). EES< ™M™
allowed participants with partial or complete paralysis to place their
feet with high accuracy on the virtual targets projected on the tread-
mill belt, reaching a performance accuracy as high as 92% for a suc-
cession of 70 steps (fig. S2C).

Biomimetic EES augments robot-assisted cycling

We then asked whether EES could be configured to activate the neu-
romuscular system during rehabilitation on a physical therapy exer-
cise bike, such as MOTOmed (fig. S3A). Because the attachment of
the feet onto the cranks imposes a perfect coupling between the os-
cillations of the right and left lower limbs, we used a single sensor to
synchronize EES to the duty cycle (fig. S3A). EESMOTOMED gperated
with an acceptable angle detection error (<15°) across cycling speeds
ranging from 15 to 60 rpm (fig. S3B). In the absence of EES,
MOTOmed failed to elicit muscle activity during passive move-
ments of the lower limbs. Instead, EESMOTOMED nromoted the
rhythmic recruitment of left and right knee extensor muscles with a
timing that matched the natural activity of these muscles recorded
in able-bodied people (fig. S3C). This activity produced a peak ac-
celeration at the feet that generated a force against the pedal (fig.
S3D). Contrary to the muscle exhaustion observed during FES of
muscles (36-38), EESMOTOMED promoted sustained muscle activity
over the entire duration of a 1-hour cycling session at 20 to 30 rpm
(fig. S3E). Moreover, EESMOTOMED 4465 not require cumbersome
preparations to position electrodes and wires on patients before each
rehabilitation session.
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Fig. 3. Synchronization and augmentation of rehabilitation robotic devices with biomimetic EES. (A) Integration of IMU sensors to the leg actuators of Lokomat.
(B) Time difference in the foot strike event detection when placing the IMU on the shank (light gray) or on the foot (dark gray), with regard to ground truth defined by
insole force sensors. (C) Plot representing the synchronicity of the time between two consecutive cycles of the leg actuators and two consecutive swing-related triggering
events for the left and right body sides across increasing stepping speeds. (D) Activity of the left hip flexor and knee extensor muscles over 10 consecutive steps for P5.
(E) Bar plot reporting muscle activity for the hip flexor and knee extensor muscles from both body sides in P1 and P5. For P1, P = 1.06 x 107° (left/right flexors, left exten-
sor), P =437 x 107° (right extensor), N = 16; for P5, P = 5.83 x 1074 (all flexors and extensors), N = 7 (Mann-Whitney U test); ***P < 0.001. (F) Average interaction forces
between participant P1 and the robotic leg actuators over a gait cycle with 60% robotic assistance. The locations of the interaction forces are schematized in (A). Interac-
tion forces closer to 0 represent a decrease in the force applied by the robotic actuators to the lower limbs. (G) Bar plot reporting BWS for optimal gait rehabilitation
training conditions that were determined by the physiotherapist. (H) Robotic BWS system that provides multidirectional assistance during walking in a large workspace.
EES waveforms are triggered on the basis of ergonomic clickers that are handheld by the participants for hands-free walking. (I) Examples of events detected by a click on
ergonomic clickers to trigger contralateral swing-related EES waveforms are shown together with the concomitant recordings of EMG activity from leg flexor muscles and
left/right hand pitch angle traces. (J) Schematic representation of the recumbent trike onto which we mounted four sensors to measure forces generated by both arms
and legs and the oscillations of the shank. (K) Diagram showing onset (red) and offset (gray) events for both legs, with stimulation periods highlighted in red. It indicates
the angles for receiving stimulation and sending commands, accounting for a 134-ms delay at 30 rpm (N = 78). (L) Tangential forces produced by the leg concomitantly
with the muscle activity recorded from knee extensor muscle for the five levels of stimulation amplitudes of P2. (M) Tangential forces produced by the leg during the
stroke phases at five different levels of stimulation amplitudes. (N) Bar plots reporting tangential forces produced by the leg and the amplitude of activity from knee exten-
sor muscles for the five different levels of stimulation amplitudes (N = 49). a.u., arbitrary units.
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We lastly aimed to provide participants with adaptive control
over the relative activation of muscles during cycling. We selected
Go-Tryke, which is an electrically assisted, recumbent trike that le-
verages upper and lower limb cycling movements to enable people
with reduced ambulatory capabilities to enjoy bike rides outdoors
(Fig. 3]). We equipped Go-Tryke with pedals that allow for embed-
ded accelerometers, gyroscopes, and force sensors (Fig. 3]). These
signals allowed us not only to detect the onset of stroke movements
but also to monitor the contribution of upper and lower limbs to
force production. We designed an algorithm that integrated these
signals to anticipate stroke onsets with phase delays that scaled with
the speed of cycling movements (Fig. 3K). These detections triggered
EES waveforms that engaged knee extensor muscles (EESCO-TRYKE),
In addition, we injected a proportional controller into the detection
algorithm, which scaled the amplitude of EESSC ™™ E with the
degree of effort detected from the combined forces of both upper
limbs (Fig. 3L).

EESSOTREE epabled graded control over the amplitude of knee
extensor muscles (Fig. 3, M and N). Enhanced muscle activity trans-
lated into a proportional increase in the force produced by the lower
limbs. These results demonstrate the possibility of leveraging biomi-
metic EES to augment the activation of the neuromuscular system
during robot-assisted cycling.

Device-agnostic implementation by nonexpert users

Given that the seamless implementation of the system across de-
vices was a desired feature of the system, we developed a guide-
line and interface for nonexpert users and then sought to perform
a formal evaluation of this feature. We asked three physiothera-
pists with no engineering background to configure EES?VICF for
diverse rehabilitation exercises. The flexibility and ergonomics of
this technological platform combined with the robustness of the
algorithmic framework enabled the three physiotherapists to con-
figure EESPEVIE within 2 to 10 min, depending on the device.
We also provided the simplified version of the interface to config-
ure and control the system to study participants. These technolo-
gies have now been operated by these participants for more than
2 years with positive feedback and without a report of serious
adverse events.

Robot-assisted rehabilitation augmented by EES promotes
neurological recovery

We next aimed to evaluate the effects of rehabilitation enabled by
the augmentation of robotic assistance with biomimetic EES in peo-
ple with chronic SCI (FACs 0 to 3). We enrolled four participants
with partial (P1) and motor complete (P2, P4, and P5) SCI (table S1)
who had previously undergone robot-assisted rehabilitation using
Lokomat and/or MOTOmed because their neurological status did
not permit lower limb rehabilitation in other conditions. Despite
these extensive rehabilitation programs (Fig. 4, A to C), participants
did not show improvement in their neurological conditions, as
quantified by the absence of changes in lower limb motor scores.
Most of them had remained completely paralyzed, as quantified by
the null motor scores.

These participants engaged in a rehabilitation program (4) dur-
ing which they underwent daily sessions of walking and cycling en-
abled by biomimetic EES and various robotic devices (Fig. 4, A and
B). Although biomimetic EES restored coordinated patterns of mus-
cle activity in all four participants with partial or complete paralysis,
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the stimulation alone was insufficient to support walking without
additional robot-assisted balance. The need for this additional ro-
botic assistance declined over time (Fig. 4E). Eventually, the four
participants regained the ability to walk over ground with EES
alone, only requiring a rollator for balance maintenance. Assess-
ment of neurological status without EES after this rehabilitation
program revealed that all four participants with chronic SCI exhib-
ited an increase in lower limb motor scores (Fig. 3, C and D).

These results showed that a period of rehabilitation assisted with
robotic devices alone was not sufficient to promote improvement in
the neurological status of patients with chronic SCI. In the early
stage of rehabilitation, EES alone was also insufficient to enable
walking and cycling. Instead, the combination of robotic assistance
and biomimetic EES enabled intensive and safe rehabilitation of the
participants, which restored volitional control over previously para-
lyzed muscles even when EES was turned off.

Recreational rehabilitation and activities

Last, we aimed to document the possibility of augmenting robot-
assisted recreational activities at home and outdoors with biomi-
metic EES (FACs 4 and 5). Lower limb exoskeletons can compensate
for weak knee extensions during standing and walking. For exam-
ple, Myosuit (39) is a lightweight, soft exoskeleton that actively sup-
ports weight bearing via a tendon cable assisting knee and hip
extension. EES enables walking in people with complete paralysis,
but these individuals can show difficulties in achieving full weight-
bearing standing and walking. We reasoned that Myosuit could
provide the necessary additional support to improve walking in
these individuals.

To synchronize EES with Myosuit, we triggered EES waveforms
based on IMUs attached to each shank (Fig. 5A). As expected,
EESMYOSUIT increased the degree of knee and hip extensions in the
two tested participants with partial or complete paralysis. Improved
knee and hip extension translated into a more upright posture (Fig.
5B). These improvements led to enhanced balance and standing ca-
pacities and enabled an increase in walking speed (Fig. 5C).

We also asked whether EES could be interfaced with assistive de-
vices to enable nonambulatory patients with partial or complete SCI
to ambulate outdoors on natural terrains, including stairs (FAC 5).
For this purpose, we interfaced the clickers with two types of assis-
tive devices. First, we mounted two custom-made clickers onto an
all-terrain rollator designed to support ambulation over the broad
range of surfaces encountered in ecological settings. Each clicker
was linked to the onset of EES waveforms 8romoting the swing
phase of contralateral lower limbs (EESROLLATORy (Fig. 5D). Second,
we integrated both clickers onto the same hand grip of a crutch to
enable the participants to trigger the swing phase of the left and
right lower limbs from the same hand (EESS™A®). This configura-
tion released the other hand, which was free to hold a handrail to
walk along stairs (Fig. 5F).

Using these devices, participants with partial and complete pa-
ralysis could walk outdoors on terrains covered with gravel, grass, or
snow. They were also able to climb up and down stairs (Fig. 5G).
Two participants were able to enroll in running competitions that
aimed to collect funds for not-for-profit foundations. One of the
participants with partial paralysis raced for a total of 4 hours, com-
pleting a total of 4069 steps during this period (Fig. 5E).

We lastly asked whether EESGO-TRYKE cquld augment recreation-
al rides with the Go-Tryke in ecological settings (Fig. 5H). Given
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Fig. 4. Robot-assisted rehabilitation augmented by EES promotes neurological recovery. (A) Time-
line of STIMO during the first months (white) of the trial and subsequent years (black) (NCT02936453).
(B) Pie charts representing the percentage of hours performing passive (stretching and massage), standard
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vices. The AlS score is performed in the absence of stimulation. (D) Relative changes in the LEMS of the AIS
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that EESSC™™KE jhcludes a proportional control-
ler that scales the amplitude of stimulation with
the degree of effort detected from the combined
forces of both upper limbs, we anticipated that
EESCSOTRYKE (41d adjust the contribution of low-
er limb extensor muscles to the ongoing require-
ments of the terrain and intentions of the user.
Concretely, the algorithm interpreted the aug-
mentation of tangential forces generated by the
upper limbs as an increase in effort and, therefore,
as the need for additional propulsive forces. This
scenario typically occurred when cycling uphill
or when the user desired to increase the speed
(Fig. 51).

EESCOTRYEE eabled real-time control over the
amplitude of knee extensor muscles, which trans-
lated into a proportional increase in the force
produced by the lower limbs. These adaptations
allowed long-lasting rides with Go-Tryke over var-
ied and challenging outdoor terrains (Fig. 5J). The
participant reported a natural and pleasant cou-
pling between their effort and the engagement of
the lower limb neuromuscular system. These re-
sults demonstrate the neuroprosthetic integration
of biomimetic EES with robotic devices to support
recreational walking and cycling outdoors in peo-
ple with SCI.

DISCUSSION

EES has demonstrated potential to augment neu-
rological recovery in people with paralysis (5, 21-
23), but EES alone can be insufficient to support
independent ambulatory activities in the early
stage of the therapy or in people with severe pa-
ralysis. We thus reasoned that rehabilitation ro-
botics may complement EES. Consequently, we
developed a flexible technological framework to
address the challenges involved in the integration
of activity-dependent biomimetic EES with ro-
botic devices that are now used in rehabilitation
centers to promote exercise in people with motor
impairments or to support activities of daily living
in people with paralysis. We provide the first
preliminary evidence that this framework may be
sufficient to ensure the safe and rigorous synchro-
nization of biomimetic EES with the actuation of
robotic devices. This integration did not require
modifying the controllers of the robotic devices
or accessing the features of robotic actuation. There-
fore, our strategy was agnostic to the specific
features of the robotic device. Nonexpert physical
therapists and study participants were able to
configure and use EES with any tested robotic de-
vice. Here, we discuss how these preliminary re-
sults suggest that augmenting rehabilitation
robotics with EES may enhance the functional
recovery of people with SCI. However, we also
point out the need for additional developments to
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wide races to fight paralysis, setting personal (P1) and Guiness Book world (P5) records. (F) Crutch mounted with two ergonomic clickers that enable the participant to
trigger bilateral EES™® with one hand while holding the ramp with the other hand. (G) Photographs showing P5 climbing up and down a staircase with 63 steps in out-
door settings. The spatiotemporal sequence of stimulation involved in EES™R is shown at the bottom, combining the alternation between EES waveforms targeting knee
extensor muscles to stand and hip and ankle flexor muscles to raise the foot and generate a swing phase. (H) Photographs illustrating the translation from lab-based
configurations to ecological use for recreational activities of P3. (I) From top to bottom: Elevation profiles of the terrain, detection of the stroke phases, tangential forces
produced by both arms, and amplitude of stimulation. The stronger the forces produced by the arms are, the higher the amplitude of the delivered stimulation, thereby
proportionally supporting the detected effort. (J) Relationships between tangential forces produced by the arms and changes in stimulation amplitude and associated
tangential forces produced by the legs during cycling over an outdoor terrain with hills, the profile of which is depicted approximately by the gray envelope (N = 220).
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fulfill this therapeutic potential that must be demonstrated in suffi-
ciently powered clinical trials.

Gait rehabilitation aims to promote activity-dependent reorgani-
zation of the nervous system to enhance neurological recovery
(4, 6, 7). Alarge number of robotic devices have been developed and
commercialized to facilitate gait rehabilitation, each providing an
environment that is optimized for the current neurological status of
the patients (8-14). Although these devices are useful for promoting
activity-dependent modulation of proprioceptive pathways, they
showed limited efficacy to engage the dormant neuromuscular sys-
tem of patients with neurological disorders (20). Consequently, they
do not take full advantage of activity-dependent mechanisms to
augment recovery (8). Complementary neuroprosthetic strategies
have been considered to augment rehabilitation robotics. For ex-
ample, FES of muscles has become a common solution to engage
specific groups of muscles during rehabilitation, but this methodol-
ogy presents several inherent limitations that restrict its efficacy and
appeal (19, 20, 37). More recently, a spinal cord stimulation was
applied externally to facilitate muscle activity during exoskeleton-
assisted walking (40). However, the location and timing of the stim-
ulation were not synchronized with the ongoing movements, and
consequently, the overall activation of the neuromuscular system
remained limited. Here, we show that activity-dependent biomi-
metic EES triggered the immediate, robust, and sustained activation
of the neuromuscular system in people with partial or complete pa-
ralysis due to SCI who exhibited quiescent muscle activity without
EES. Moreover, biomimetic EES was effective to engage the neuro-
muscular system across multiple types of robotic devices that each
required specific strategies to synchronize EES with robotic actua-
tions or motor intentions.

We also provide preliminary results on the complementarity be-
tween robotic devices and biomimetic EES to support rehabilitation.
Rehabilitation robotics alone showed no or limited efficacy to im-
prove recovery in our participants with chronic SCI. These negative
outcomes are consistent with the overall conclusion from meta-
analyses that highlighted no additional benefits of robot-assisted
rehabilitation compared to conventional rehabilitation for neuro-
logical recovery (41-43). Similarly, EES alone could restore standing
and basic walking movements, but the participants with SCI were
not able to perform these activities without robotic assistance in the
early phases of rehabilitation. Therefore, the complementarity be-
tween EES and robotics was essential to support early-stage reha-
bilitation in people with SCI. The essential contribution of robotic
devices declined over time, and eventually, participants could stand
and walk independently with biomimetic EES alone or with more
transparent robotic assistance. This recovery coincided with im-
provements in the neurological status of the participants. These
results suggested that augmenting rehabilitation robotics with bio-
mimetic EES steered activity-dependent reorganization of the ner-
vous system (4, 6, 7), although the specific contribution of robotic
devices in this reorganization remains unclear and will require
further studies. We anticipate that commonly used rehabilitation
robotic systems may facilitate the implementation of EES in the
early stage of the intervention, when EES alone is not sufficient to
enable robust standing and walking. The combination of robotic
devices and EES could therefore play an important role in augment-
ing the neurological recovery of patients with subacute and chronic
SCI (29, 31, 44, 45). In the present study, we introduced a frame-
work that illustrates how to simplify the combination of these two
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therapeutic modalities, given that our framework can be easily de-
ployed across rehabilitation centers and only requires the supervi-
sion of physical therapists. Although rehabilitation robotics may not
augment neurological recovery per se, these systems have become
the standard of care, because they enable the practical and consis-
tent delivery of rehabilitation for individuals with various ranges of
paralysis. This combination is therefore appealing, because the vari-
ous robotic systems used in our study have become common assis-
tive devices to support rehabilitation across the continuum of care
in treatment centers worldwide. Although these results are encour-
aging, future studies will have to demonstrate the synergy between
robotic devices and EES in a sufficiently powered clinical trial, as
well as the biological mechanisms supporting this synergy.

We delivered device-specific EES programs using a repurposed
neurostimulation platform that was originally developed to deliver
continuous deep brain stimulation. To enable real-time control of
EES, we conceived a wireless bridge between the control computer
and the neurostimulation platform. Although this bridge allowed us
to demonstrate the possibility to interface EES with rehabilitation
robots, the necessity of multiple communication methodologies
precludes the large-scale deployment of comparable strategies. It is
therefore essential to design purpose-built technologies that allow
patients and physical therapists to configure and use rigorously syn-
chronized biomimetic EES safely through practical interfaces, smart
phones, and voice-controlled watches. Moreover, this purpose-built
neurostimulation platform must resolve the limitations of current
technologies, providing the possibility to configure stimulation ramps,
independent stimulation frequencies, and high-frequency stimula-
tion bursts that will greatly augment the influence of EES on the fa-
cilitation of movement.

The putative complementarity between robotics and EES provides
preliminary results that should encourage innovations in the field of
rehabilitation robotics and neuroprosthetics to augment the recov-
ery of mobility and upper limb functions in people with SCI (46, 47).
Moreover, the same complementarity may contribute to the recov-
ery of people with other neurological conditions, such as Parkinson’s
disease (48) and stroke (49).

MATERIALS AND METHODS

Clinical study

Study design and participants

All experiments were carried out as part of the ongoing clinical feasi-
bility study STIMO (Stimulation Movement Overground), which
investigates the effects of EES with robot-assisted rehabilitation in
patients with SCI (https://clinicaltrials.gov/ct2/show/NCT02936453).
This study was approved by the Swiss ethical authorities (CER-VD
no. 04/2014 PB_2016-00886, Swissmedic ProjectID 10000234, previ-
ous SMC-Nr. 2016-MD-0002) and was conducted in accordance with
the Declaration of Helsinki. Nine individuals were implanted and fin-
ished the main part of the study. We report here the results of EES
combined with robotics in five of the nine individuals. Intensity and
diversity of rehabilitation programs before the STIMO study were
collected as part of their medical history. Their neurological status
was evaluated according to the International Standards for Neuro-
logical Classification of Spinal Cord Injury (50), is reported in table
S1, and was previously described (4, 29, 31). All participants signed
a written informed consent before their participation and at each
approved amendment throughout the study. Patients followed a
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5-month rehabilitation program personalized on the basis of the
participants’ improvements. After the main phase of the study, par-
ticipants were suggested the possibility to join a follow-up study for
a maximum of 6 years during which they could continue using
the stimulation. Data collection was performed during sessions dedi-
cated to stimulation optimization either at Lausanne University
Hospital (CHUYV, Lausanne, Switzerland), at Revigo Rehabilitation
Center (Volketswil, Switzerland, part of Rehaklinik Zihlschlacht AG),
or outdoors.

Inclusion criteria

The following inclusion criteria were applied for study enrollment:
age 18 to 65 (women and men); sensorimotor or motor complete
and incomplete SCI graded as American Spinal Injury Association
(ASIA) Impairment Scale (AIS) A, B, C, or D; level of lesion of T10
and above based on the AIS level determination by the PI; preserva-
tion of conus function; intact distance between the cone and the le-
sion of at least 60 mm; focal spinal cord disorder caused by either
trauma or epidural, subdural, or intramedullary bleeding; mini-
mum of 12 months postinjury; completed in-patient rehabilitation
program; for AIS C and D, ability to stand with walker or two
crutches; stable medical, physical, and psychological condition as
considered by the investigators; ability to understand and interact
with the study team in French or English; adequate caregiver sup-
port and access to appropriate medical care in patient’s home com-
munity; agreement to comply in good faith with all conditions of the
study and to attend all required study trainings and visits; and agree-
ment to participate in two training sessions before eligibility was
confirmed and to provide and sign an informed consent form before
any study-related procedures.

Exclusion criteria

Individuals were excluded on the basis of any one of the following
criteria: limitation of walking function based on accompanying
(CNS) disorders (systemic malignant disorders, cardiovascular dis-
orders restricting physical training, and peripheral nerve disorders);
history of significant autonomic dysreflexia, cognitive/brain dam-
age, epilepsy, spinal canal stenosis, and the use of an intrathecal
baclofen pump; any active implanted cardiac device, such as a pace-
maker or defibrillator; any indication that would require diathermy;
any indication that would require magnetic resonance imaging; an
increased risk of defibrillation; severe joint contractures disabling or
restricting lower limb movements; hematological disorders with in-
creased risk for surgical interventions (increased risk of hemorrhagic
events); participation in another locomotor training study; congeni-
tal or acquired lower limb abnormalities (affection of joints and
bone); women who were pregnant (pregnancy test obligatory for a
woman of childbearing potential), breast feeding, or not willing to
take contraception; known or suspected noncompliance; drug or
alcohol abuse; spinal cord lesion due to either a neurodegenerative
disease or a tumor; other anatomic or comorbid conditions that, in
the investigator’s opinion, could limit the patient’s ability to partici-
pate in the study or to comply with follow-up requirements or affect
the scientific soundness of the study results; or a patient who was
unlikely to survive the protocol follow-up period of 12 months.

Electrical epidural stimulation delivery

Neurostimulation system

The neurostimulation system has been previously described (29).
EES was delivered with an IPG (Medtronic Activa RC) connected
through lead cables to a paddle lead (either Specify 5-6-5 from
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Medtronic used for treatment of chronic pain or a new paddle lead
developed by ONWARD Medical). This system enables monopolar
and multipolar stimulation at a constant current through one or a
subset of the 16 electrodes of the paddle lead or the case of the IPG
(anode). The IPG was modified from its clinical version with inves-
tigational firmware that enabled real-time communication with
software running on an external tablet computer (NEUWalk Re-
search Programmer Application—NRPA, model 09103, Medtron-
ic). EES commands were sent by the control software (described
below) through the NRPA to the IPG. The NRPA then communi-
cated wirelessly with the IPG.

Interactive software application for stimulation control
Custom software was developed (Windows Presentation Founda-
tion App, C#, NET Framework 4.5.2) to provide an intuitive way for
patients, caretakers, physiotherapists, or rehabilitation doctors to
select a predetermined stimulation program associated with a reha-
bilitation exercise and modify the stimulation amplitudes within
clinician-determined limits. The software interfaced with the neuro-
stimulation system over Bluetooth using the NRPA and implement-
ed a wireless sensor module over Wi-Fi that enabled stimulation
delivery in a closed loop.

The stimulation programs were composed of a precise temporal
sequence of multiple stimulation blocks, with a maximum of four
blocks in parallel. Each stimulation block was defined by a specific
selection of cathodes and anodes on the lead and IPG and aimed to
produce a targeted function by stimulating a dedicated dorsal root.
At any given moment, stimulation was delivered at a single frequen-
cy; however, a high-frequency recruitment could be mimicked by a
stimulation block that delivered doublets or triplets, i.e., two or
three pulses spaced by 2 ms. A graphical user interface was devel-
oped to facilitate the creation, modification, and fine-tuning of the
stimulation programs by a trained expert. The software was part of
the investigational system of the clinical study and was developed in
accordance with the IEC-62304 standard for class A medical device
software and with the use of versioning and an automated unit test
framework. A risk management file was developed for the full inves-
tigational system from which other risk mitigations were defined.
Any changes to the software or other components led to a verifica-
tion and validation (V&V) cycle of the system and a resubmission of
the amended study protocol to the competent authority and ethics
committee. To maximize the number of bug fixes and features in
each iteration of the software, we modularized its structure and up-
dated our V&V methods. We created a dedicated module in the
software responsible for closed-loop stimulation control that read
the sensor input, applied motion detection algorithms, and output
stimulation events. This module could then be updated while mini-
mizing the impact to the rest of the software. We then implemented
a surrogate for EES that could be used to test the system on unim-
paired individuals during our V&V cycle.

Multipurpose IMU and ergonomic clickers

The wireless sensor module of our software application was a com-
pact IMU with dimensions of 56 mm by 39 mm by 18 mm and a
weight of 46 g (next-generation IMU, x-io Technologies). It com-
bined onboard sensors and data processing algorithms that stream a
selection of acceleration, angular velocity, and quaternions over Wi-
Fi at a maximum of 100 Hz. In addition, analog inputs could be
combined to the data stream via a dedicated Molex PicoBlade header.
The sensor platform implemented configuration and streaming
using the Open Sound Control protocol over user datagram protocol.
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Acceleration and angular velocity were used to estimate the orienta-
tion of the sensor in quaternion representation. The latter was then
converted to Euler angles to facilitate interpretation by the users.
Twelve unique translations from quaternions to Euler angles exist-
ed, and two were selected as relevant for the sensor placement in our
applications. These were selected precisely to avoid discontinuities
in the calculated pitch. The performance of the AHRS (Attitude and
Heading Reference System) data fusion algorithm was evaluated on
a custom test bench. Dedicated mechanical clickers were designed
and connected to the sensor via the analog inputs to provide a mech-
anism for detecting a button press. The clickers were fitted with a
debounce electronic circuit to limit noise at the source.

Closed-loop stimulation paradigms
Event detection
To deliver the correct stimulation at the correct time during exercise
execution, closed-loop stimulation paradigms were developed on
the basis of input from the wireless sensor module. The sensor was
fixed in a position where relevant motion was captured, for example,
on the shanks for gait training. The orientation of the sensor, name-
ly, the pitch, was used to detect key motion events, such as foot-off,
using a thresholding algorithm. In addition, the sensor integrated a
button sending an analog binary signal. The triggering of each event
activated a predetermined stimulation sequence that aimed to sup-
port a dedicated movement. A refractory period (50 to 150 ms) was
defined after each trigger event to avoid unwanted retriggering of
the same event.
Thresholding algorithm
The number of motion events and their threshold values were cus-
tomizable and could be set to trigger an ascending or descending
signal crossing of a dedicated sensor’s pitch. The threshold crossing
algorithm was implemented to work robustly across a signal from 0°
to 360° and included a margin around the threshold within which
two subsequent samples must be located. This ensured that an event
was triggered only when the limb was in proximity of the expected
biomechanical state. For example, no stimulation would occur if the
limb was moving too fast or if data packets were dropped.
Control algorithms
Gait training was supported in a closed loop b Tplacing one sensor
on each leg, either on the foot or shank—EES“*'", An initial attempt
to perform a swing phase could then trigger a flexion stimulation on
the same leg and an extension on the contralateral side to support
stance. Stimulation to support training tasks where the motion of
the two feet is in antiphase, such as cycling, could be triggered by a
single sensor placed on the crank—EESCYCLE, Leg flexions and con-
tralateral extensions could then be triggered for both sides at appro-
priate moments during the cycle. A second sensor could be placed
on a corresponding device frame to maintain the function of the
stimulation at various tilts of the device with respect to the ground.
Participants could alternatively trigger stimulation via dedicated
ergonomic clickers designed together with the end users—EES““K,
A first design facilitated button clicking with a motion of fingers
pressing against the palm, which was preferred by one participant
with reduced finger function. A large lever arm further allowed use
with little remnant force and low precision, which facilitated use
during treadmill gait training. A second design was in the form of a
clicker that could be fixed on a multitude of rails, such as parallel
bars or that of a walker. Training in a hand-assisted tricycle ex-
ploited the coupling between upper and lower limbs to trigger
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amplitude-modulated stimulation. The timing of stimulation and
the stimulation amplitudes were determined as a function of the
measured angles and forces provided by the upper limbs, recorded
by a sensorized pedal (X-Power, SRM GmbH). This enabled the sys-
tem to proportionally engage the arms and legs in a coordinat-
ed manner.

Functional ambulatory categories

Rehabilitation activities in various devices were classified as follows
on the basis of the FAC of patients for whom such training would be
most relevant: FAC 0, nonfunctional ambulator; FAC 1, ambulator,
dependent on physical assistance—level I indicates a patient who
requires continuous manual contact to support body weight and to
maintain balance or to assist coordination; FAC 2, ambulator, de-
pendent on physical assistance—level II indicates a patient who re-
quires intermittent or continuous light touch to assist balance or
coordination; FAC 3, ambulator, dependent on supervision: indi-
cates a patient who can ambulate on level surface without manual
contact of another person but requires standby guarding of one per-
son either for safety or verbal cueing; FAC 4, ambulator, indepen-
dent level surface only—indicates a patient who can ambulate
independently on a level surface but requires supervision to negoti-
ate (e.g., stairs, inclines, and nonlevel surfaces); and FAC 5, ambula-
tor, independent—indicates a patient who can walk everywhere
independently, including stairs.

Physiological metrics

Electromyographic recordings

Electromyographic (EMG) activity of selected muscles was acquired
at a 2000-Hz sample rate using the 16-channel wireless Delsys Tri-
gno sensors (Delsys Inc., Natick, MA, USA) with bipolar surface
electrodes placed over the following muscles of the lower limbs: ilio-
psoas, rectus femoris (RF), vastus lateralis, semitendinosus (ST),
tibialis anterior (TA), medial gastrocnemius (MG), and soleus. Skin
hairs were shaved, and abrasive gel (NuPrep) was used on the area of
interest. In Lokomat, the RF and ST sensors were placed 2 and 3 cm
proximally to avoid the thigh cuff. For the TA, minisensors were
used with the sensing electrodes placed under the shank cuff and
the sensor body electrodes placed below. All sensors besides the TA
and MG were placed before the patient was positioned in Lokomat.
Lower limb kinematics

Kinematics were either captured by the NGIMU sensors or using
the Delsys sensors already used for EMG acquisition that them-
selves integrate IMUs that sample at 100 Hz. Given that their posi-
tioning was determined by the location of the relevant muscle, it was
not always optimal to capture the necessary motion. We therefore
placed additional IMUs, Physilog 5 (Gait-Up, Switzerland), on the
participants or on the rehabilitation device and recorded accelera-
tion and angular velocity at 100 Hz. These synchronize together via
a proprietary radiofrequency protocol, up to 10 units, and have stor-
age capacity of up to 10 hours.

Device data streaming

Lokomat and Myosuit integrated continuous data recording of
torques and angles of hip and knee joints, where the devices actively
assist. The treadmill speed and BWS of the former was also record-
ed. The number of successful steps in the C-Mill was collected using
video recordings given that the device’s own force plate gait detec-
tion algorithm did not perform reliably with our patient population,
likely because of foot drag and insufficient loading on the treadmill.
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Sensorized insoles

Sensorized insoles (Moticon OpenGo, AG, Germany) were used to
quantify loading of each foot during training in the Myosuit. Each
insole contained 16 pressure cells and an IMU that recorded at 100 Hz.
Data were recorded onboard and were retrieved via a mobile app
after a recording session. Insoles already inside the participant’s
shoes were removed before placing the sensorized ones.

Trike sensors

Forces exerted by the arms and legs during use of the trike were re-
corded using a sensorized X-Power pedal (SRM GmbH, Germany).
The electronics and rechargeable batteries were housed inside the
spindle, and the waterproof shell protected the electronics of the de-
vice to allow outdoor cycling without damaging the device. The
pedal integrated a dynamometer, gyroscopes, and accelerometers to
measure radial and tangential forces, crank angle, and radial veloc-
ity. The radial and tangential components of the force together gave
the magnitude and direction of the total force. The tangential force
was the applied force provided by the user, whereas the radial force
gave information about the inertia.

Data processing and statistics

Analysis of lower limb muscle activity

The electromyographic activity from lower limb muscles was pro-
cessed according to the SENIAM (Surface Electromyography for the
Noninvasive Assessment of Muscles) standards for electromyograph-
ic recordings. Displayed electromyographic activities during the vari-
ous rehabilitation activities were band-pass-filtered between 10 and
450 Hz (fourth-order Butterworth filter). Normalized electromyo-
graphic envelopes were generated using a moving average of the recti-
fied electromyographic signal within a centered 250-ms time window.
These were used in quantifications to compare conditions with and
without stimulation during a rehabilitation exercise by extracting the
envelope maximum per activity cycle.

Analysis of lower limb kinetics

The acceleration and angular velocity collected by the Delsys and
Physilog 5 sensors were passed through a data-fusion algorithm (51)
to extract sensor orientation with respect to Earth in quaternion
representation. Roll, pitch, and yaw angles were then calculated us-
ing one of two representations (zyx or zyz), depending on the sensor
placement with respect to its axis with greatest motion, such that
there would be no discontinuities in the pitch.

Statistics

Statistical analysis was performed in R, Prism GraphPad, or MATLAB.
Comparisons between two conditions were performed using non-
parametric Mann-Whitney rank sum test for unpaired samples or
Wilcoxon signed-rank test for paired samples. Comparisons involv-
ing more than two categories were performed using nonparametric
Kruskal-Wallis tests. P values for each test are reported as follows:
*P < 0.05, **P < 0.01, and ***P < 0.001.

Rehabilitation devices

Erigo

The Erigo Pro (Hocoma, part of the DIH Medical group) is a motor-
ized tilt table with an integrated robotic stepping device allowing for
early and safe mobilization of people with neurological disorders
(52, 53). Two harness straps were used to secure the patients chest
and pelvis to the table. The feet were placed onto the individual foot
plates that are fixed at the toe but allow the ankle to be lifted. The
thighs were strapped into motorized cuffs that drive the active
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stepping, alternating between hip and knee, flexion and extension.
The range of motion of the hip was set by the physiotherapist and
remained unchanged throughout the exercise period. Body weight
loading can be increased to ensure stabilization of the patient in the
upright position. The tilt table can be inclined gradually from hori-
zontal (0°) to vertical (90°). The stepping speed can be set from 0 to
80 steps per minute. An IMU was fixed on the verticalization table to
record the exact angle of the table, and two IMUs were placed on the
right and left cyclic leg supports to detect cyclic leg movement events.
Raw IMU data were streamed to the interactive software application
and converted into quaternions to trigger updates of the stimulation.
MOTOmed

The MOTOmed viva2 light (RECK-Technik GmbH & Co. KG,
Germany) is a leg trainer, or rehabilitation bicycle, for passive and
active training of the upper and lower limbs. Wheelchair-bound pa-
tients positioned themselves in front of the device. Each foot was
then strapped onto a pedal, and the patient held onto fixed handle-
bars when the device was active. Pedaling speed can be set from 0 to
60 rpm when in passive mode. The device has a built-in spasm con-
trol that stops the pedaling when a sudden torque is detected. This
feature was turned off during the present protocol because EES can
provoke controlled muscle activity that can be mistaken for spasms.
One IMU was placed on a chosen foot crank (right or left), and raw
signals were streamed to the interactive software application to con-
trol stimulation.

Lokomat

The Lokomat Pro (Hocoma, part of the DIH Medical group,
Switzerland) is a robotic treadmill gait trainer that provides therapy
under controlled conditions while supporting patients with mild to
severe walking impairments. The device is able to bring highly im-
paired individuals to a walking state by providing them with an ad-
equate level of assistance through the hip and knee actuated joints
and the BWS system of the device. The two leg orthoses of the
Lokomat were attached to the patient’s legs, and they induced flexion
and extension movements of the hip and knee joints in the sagittal
plane. The movement speed of the orthoses was synchronized with
the treadmill speed, which can be adapted. The movement of the
patient’s ankles was not directly controlled by the orthosis: Only a
passive foot lifter was used to avoid foot drag. Joint torques and an-
gles were measured from force sensors and potentiometers integrated
in the orthoses. The legs of the patient were moved along a reference
trajectory. The robotic assistance was manually adjusted by the ther-
apist to allow more freedom for the patient and to challenge the pa-
tient to actively contribute to the walking pattern. The patient was
relieved from their body weight through a harness connected to a
BWS system that ensured a controllable unloading that could also
be adjusted to match the patient’s need.

C-mill

C-Mill (Motek Medical B.V., part of the DIH Medical group,
the Netherlands) is a treadmill with parallel bars and integrated
BWS. The device was enhanced by augmented reality enabled by a
force plate located under the treadmill belt and a beamer project-
ing visual content on the belt. Real-time algorithms processing the
force plate data enabled the projection of interactive games or per-
formance feedback on the treadmill belt. An integrated screen in
front of the patient was used for interactive games or visual feed-
back. All of the data were recorded, and statistics were exported
after the session. The C-Mill can be used for balance, steps, and
locomotor training.
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Rysen

Rysen (Motek Medical B.V., part of the DIH Medical group, the
Netherlands) is a dynamic three-dimensional (3D) overground
BWS robotic system for gravity assistance and locomotion restora-
tion intended to be safe and power efficient and to assist patients
with walking impairments to move freely in a large workspace. Ry-
sen decouples the degrees of freedom between motors to provide
slow/high-torque motors for vertical motion and fast/low-torque
motors for horizontal motion, supporting patients with personal-
ized vertical and horizontal assistive forces. These conditions enable
patients to operate in a large workspace (10.5 m by 2.9 m) while re-
ceiving adjustable supportive forces, thus empowering patients to
walk over ground with a natural, upright, and hands-free posture.
Myosuit

Myosuit (Myosuit Gamma, MyoSwiss AG, Zurich, Switzerland) is a
lightweight wearable robot for the lower limbs. The device was de-
signed to support the user against gravity through active and passive
elements aligned with the working direction of the major hip and
knee muscles. The active components of Myosuit include a backpack-
like compartment containing the motors, battery, and control unit
and a knee orthosis per leg, attached to the thigh and shank using
Velcro straps. IMUs are integrated into the orthoses to detect gait
events and time the assistance of the device. One cable, or “artificial
tendon,” per leg is routed from the motor in the backpack, across the
buttock, over a hinge at the knee, and lastly anchored to the shank. By
winding up these tendons, Myosuit supports synergistic extension of
the hip and knee joint. Passive elastomer springs, consisting of elastic
rubber bands, cross the hips anteriorly and connect the waist strap of
the backpack to the thigh interfaces. These passive elements support
flexion of the hip and act in an antagonistic manner to the active ele-
ments described before. During hip extension and the stance phase
of the gait, the springs are extended and store elastic energy, which is
eventually returned in the swing phase of walking.

For the purposes of this study, Myosuit was used in two modes:
“zero-force” mode and “assistance” mode. In zero-force mode, no
active forces were applied to the user, so Myosuit only compensates
for the added inertia, stiffness of the passive elements, and friction in
the cables. In assistance mode, Myosuit actively supported weight-
bearing during the stance phase of walking. Shortly after heel strike
(detected by the IMU on each shank) of each leg, the ipsilateral arti-
ficial tendon of the robotic device was tensioned by an electric motor
at a rate that was modulated by the user’s cadence and reached a
peak magnitude that was proportional to the momentary knee an-
gle, where higher cadences resulted in higher rates of force applica-
tion and more knee flexion resulted in a higher magnitude. The
tension on the cable was held until the hip angle crossed a threshold
that, by default, was set to be 0° (femur parallel to the gravity vector)
but could be modulated by the user to shorten or extend the dura-
tion of assistance. Upon crossing the said threshold, the artificial
tendon was slacked, releasing the leg and seamlessly allowing it to
advance forward to the swing phase of the gait cycle until the subse-
quent heel strike.

Trike

Go-Tryke (GBY Ltd., Switzerland) is a recumbent tricycle specially
designed for people with reduced mobility and is suitable for para-
plegic and tetraplegic patients. The tricycle incorporates several fea-
tures that facilitate its use for people with reduced mobility. The
tricycle has a built-in electrical motor that compensates for the lack
of traction and can be adjusted according to the user’s needs. Also, a
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reverse gear allows for increased handling of the trike and two brak-
ing wheels at the front enhance stability. Last, the seat height and the
adjustable steering handlebar make it easy to transfer to and from
the user’s wheelchair. In the case of disabled lower limbs, these are
set in motion via the connected dual pedals that enable simultane-
ous arm and leg motion. The movement of the upper and lower
limbs is mechanically coupled. The trike has a contralateral setup
between arms and legs, and the movement of the contralateral arm
with respect to one leg is synchronized. At any given time and posi-
tion on the cycle, both are in the same extension or flexion phase.
On the basis of this setup, the alternating movement of arms and
legs in rhythm is respected and allows the participant to perform a
physiological and coordinated movement.

Walker

The Dolomite Soprano Rollator (model D12030, Invacare Dolomite
AB, Sweden) is an all-terrain walker with 25-cm wheels and a large
wheelbase. The frame is designed to eliminate the rear forks, creat-
ing more room for the legs between the back wheels. The brake
handles and wedge-shaped hand pad offer a secure and comfortable
grip. The cable-less braking system uses stainless-steel rods encased
in the frame to actuate the brake. The brake shoe is designed to catch
dirt and stones before they reach the brake pads. Height-adjustable
handles also rotate for an ideal wrist positioning.
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