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Editorial on the Research Topic
Neural Prostheses for Locomotion

During the last decade, we have seen a rapid development of neural prostheses, the systems that
connect the brain to external assistive and rehabilitation devices. While this work was dominated
by the research on neural prostheses that enable sensorimotor functions of the arm and hand, there
has also been a growing interest in neural prostheses that restore locomotion, the ability to move in
space. Brain-controlled wheelchairs and exoskeletons represent examples of such neural prostheses.

The collection of articles in this Research Topic present and discuss available evidence,
conceptual frameworks, neuroprosthetic designs and practical questions concerning application
of neural prostheses to gait assistance and rehabilitation. The Research Topic covers a range of
issues such as control schemes, robotic aspects, effectiveness, characteristics of motor performance,
neural underpinnings, ethics, significance for neurological disorders, motor learning, and recovery
of locomotor function. The contributions are summarized below in 7 thematic categories: (i)
reviews and perspectives, (ii) animal studies, (iii) balance control, (iv) prostheses for locomotion,
(v) myoelectric control, (vi) electroencephalography (EEG)-based systems for lower limb prosthesis
control, and (vii) combined effects of spinal cord neuromodulation and exoskeleton gait training
in paralyzed individuals.

REVIEWS AND PERSPECTIVES

Two review articles included in the Research Topic assess the current state of assistive devices
for locomotion and their perspectives for development. The review by Tariq et al. discusses a
number of key features of the EEG-based activity mode recognition and the potentials of EEG-
based brain computer interfaces for enabling locomotion and improving its rehabilitation. The
authors consider incorporation of neural technologies in various devices for locomotion, such as
wearable lower-limb exoskeletons, orthoses, prostheses, wheelchairs, and assistive-robot devices.
The performance of these devices could be improved by BCIs that recognize user intent and
provide a communication channel. The EEG communication signals employed by these BCIs are
sensorimotor rhythms, event-related potentials and visual evoked potentials. The authors develop
a framework for such neural technologies and suggest using this framework for the development
of the next generation of intent-based multifunctional controllers for individuals suffering from
neuromotor disorders, trauma to nervous system, or limb amputation.
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In an opinion article, Bissolotti et al. discuss the limiting
factors and evaluate some ethical questions regarding the
domestic use of robotic exoskeletons for gait assistance in people
affected by spinal cord injury (SCI). While the literature supports
the effectiveness of different types of exoskeletons used in a
clinical setting to treat such conditions as spasticity, balance
impairment and abnormal blood pressure, multiple issues arise
when such gait training systems are adapted for the home
environments. These issues include high cost of the device
and related inequality in the access to health care services,
level of competence reached after training to use the device,
risk of cardiovascular and metabolic diseases, high risk of
osteoporosis of the paretic limbs, skin lesions, deep venous
thrombosis and pelvic floor impairment. The article discusses
the countermeasures to counteract the negative effects that could
increase therapeutic efficacy and decrease inequality in the access
to health care services and devices.

ANIMAL STUDIES

Several articles report testing neural technologies in animal
models of locomotion. In a rabbit amputation model, Millevolte
et al. tested and demonstrated the potential for the housing
and engagement of a sieve electrode within the medullary canal
of long bones as part of an osseointegrated neural prosthesis.
Mottaghi et al. investigated cortico-basal ganglia beta oscillations
in a rat model of unilateral Parkinson’s Disease (PD) and
analyzed the effects of deep brain stimulation. They concluded
that this model accurately represents many of the motor and
electrophysiological symptoms of PD, which makes it a useful
tool for pre-clinical testing of new treatments. Park et al.
developed a prototype of a powered transtibial prosthesis for
the use in a feline model of prosthetic gait. In this prosthesis,
the linear actuator operates the prosthetic ankle joint with the
control signals that emulate myoelectric activity of muscles; there
is a close match between the locomotor patterns produced by the
prosthesis and by cats during level walking.

BALANCE CONTROL

Three articles address the issue of improving balance control.
Buettner et al. describe a virtual balancing apparatus that
can modify gravity (e.g., for patients who are unable to
balance their full body weight), damping, inertia. The apparatus
can be also used to examine the effects of support surface
perturbations. It may be well-suited to simulate conditions
which could otherwise only be realized in space experiments
and to examine the potential benefit for patients of virtual
balance training. Sozzi et al. report the effects and the time-
course of stabilization produced by a haptic cue provided by a
walking cane. They argue that this type of haptic information
has many of the features of the direct fingertip contact. They
also suggest that the processing time of haptic input from a
walking aid should be taken into consideration when designing
prostheses for locomotion. Furthermore, Sozzi et al. assess
balance improvement in subjects with low vision by adding the

haptic input from a cane or fingertip. The authors discuss the
ways visual and haptic information could be integrated in in the
devices for balance training.

PROSTHESES FOR LOCOMOTION

Three articles analyze available evidence for using robotic devices
for the benefit of patients with gait impairments. Malcolm et al.
use a biomimetic approach to design prostheses with bi-articular
actuation components. In their study, the effect of a bi-articular
and spring configuration were tested that mimicked the m.
gastrocnemius action; this design was compared to the mono-
articular configuration and configuration without a spring. The
authors discuss the specific effects of different exoskeleton
configurations on metabolic cost and muscle activation that
could be useful for providing customized assistance for specific
gait impairments. Jayaraman et al. describe the impact of using
powered knee-ankle prostheses in two transfemoral amputees.
The participants gained the ability to walk with gait kinematics
similar to normal gait patterns observed in a healthy limb.
These results indicate that powered prosthetic components
have a considerable potential to provide safe and efficient
gait for individuals with above-the-knee amputation. Finally,
van Dijsseldonk et al. report a framework for measuring the
effects of training with the Rewalk exoskeleton on the ability to
perform basic and advanced skills in people with complete spinal
cord injury.

MYOELECTRIC CONTROL

Myoelectric control of neuroprostheses for walking is a
prominent theme in this Research Topic. This is a biologically
inspired approach, where electromyography (EMG) feedback
from lower-limb muscles assists walking in an exoskeleton
or contributes to hybrid rehabilitation systems that combine
functional electrical stimulation (FES) and a robotic exoskeleton.

Grazi et al. report a novel assistive control strategy for
a robotic hip exoskeleton that relies on the use of the
gastrocnemius medialis EMG signal instead of a hip flexor
muscle, to control the hip flexion torque and improve the
reliability of the control system. Since the presence of moderate
to severe spasticity can significantly impair gait kinematics and
prevent such individuals from walking in an exoskeleton, Ekelem
and Goldfarb applied peroneal stimulation (timed with the
exoskeleton swing phase) to acutely suppress extensor spasticity
in SCI subjects through the recruitment of the flexion withdrawal
reflex. While the common peroneal stimulation had only acute
effects (it did not have a significant effect on modified Ashworth
scores), it suppressed extensor tone, significantly aided flexion
in the hip and ankle joints and enabled improved exoskeletal
walking for persons with severe spasticity.

Zhang et al. propose a novel cooperative control strategy,
which could realize arbitrary distribution of torque generated
by functional electrical stimulation and exoskeleton. Two
muscle groups (quadriceps and hamstrings) were stimulated to
generate active torque for knee joint in synchrony with torque
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compensation from the exoskeleton. Experimental evaluation
of the hybrid FES-exoskeleton system was conducted in five
healthy subjects and four paraplegic patients. The system
enabled cooperative control of torque distribution, trajectory
tracking, and phase synchronization. Furthermore, Alibeji et al.
describe a hybrid neuroprosthesis for walking that combines
FES with a powered lower limb exoskeleton. This system has
an electrical actuator at the hip and knee joints. The control
framework mimics muscle synergy, where FES of the hamstrings
and quadriceps muscle group of each leg restores walking in
patients with paraplegia. The system was tested in an able-
bodied subject and a patient with an incomplete SCI. Another
article on myoelectric control (Karunakaran et al.) reports the
orthotic and therapeutic effects due to continuous use of a foot
drop stimulator (using FES to stimulate the peroneal nerve)
in children with foot drop and hemiplegia secondary to brain
injury. The authors report that this treatment improves spatial
gait asymmetry and increases dorsiflexion and toe displacement
during swing. These are a potentially long-lasting effects.

Several articles evaluate the efficiency of the Hybrid Assistive
Limb (HAL) exoskeleton, a unique device that performs real-
time collection of bioelectric signals from the patient to support
and enhance voluntary gait. HAL exoskeletons are equipped
with surface EMG electrodes that percutaneously detect minimal
bioelectric signals generated by the patient’s muscles (hip
and knee flexors and extensors). Additionally, floor reaction
force signals could be detected caused by patients intended
weight shifts. Sczesny-Kaiser et al. assess the effects and safety
of body-weight supported treadmill training with the use of
the HAL exoskeleton in patients with limb-girdle muscular
dystrophy. All patients involved in this study benefitted from
the training. Sczesny-Kaiser et al. report a crossover clinical
trial comparing conventional physiotherapy and HAL supported
treadmill therapy in chronic stroke patients with hemiparesis.
The authors demonstrate the efficiency of individualized therapy
based on this approach. Puentes et al. report the effects of HAL
therapy in myelopathy (caused by ossification of the posterior
longitudinal ligament) patients by performing the principal
component analysis of the kinematic data. In this study, HAL
therapy improved walking and gait coordination in patients by
reshaping their gait pattern. Furthermore, Puentes et al. report
an improvement in the intersegmental coordination (assessed
by planar covariation of elevation angles) for the paretic and
non-paretic side after early HAL intervention in hemiparetic
stroke patients. Tan et al. show that muscle synergy analysis
can be used as a tool to quantify the change and improvements
in neuromuscular coordination of lateral symmetry during gait
training in stroke patients with the help of the HAL exoskeleton.
Finally, Shimizu et al. describe a case of voluntary ambulation
triggered by upper limb activity using the HAL exoskeleton in
patients with complete paraplegia after spinal cord injury. The
HAL electrodes for the hip and knee flexion-extension were
placed on the anterior and posterior sides of the upper limbs
contralaterally corresponding to each of the lower limbs. The
results suggest that an upper-limb-triggered HAL ambulation
is a feasible option for rehabilitation of patients with complete
quadri/paraplegia caused by chronic SCI.

ELECTROENCEPHALOGRAPHY
(EEG)-BASED SYSTEMS FOR
CONTROLLING LOWER LIMB
PROSTHESES

A group of articles report and analyze the usage of EEG signals
for the control of prostheses for locomotion. Murphy et al.
assess the benefits of using an EEG-based BCI for lower-limb
prostheses. The feasibility of such systems is supported by the
implementation of a reliable knee-locking switch based on a EEG
rhythm-feedback training for swing phase during walking and
for sitting down in a transfemoral amputee. Ortiz et al. describe
a new tool based on the Stockwell transform for the analysis of
the EEG signals during gait cycle. Extraction of instantaneous
EEG characteristics with this method was successfully tested
in healthy individuals and patients with lower limb disabilities.
Mejia Tobar et al. examine the classification of ankle flexion and
extension movements from cortical current sources estimated by
a hierarchical variational Bayesian method they use EEG and
fMRI recordings. The presented method is also applicable to
real-time BCIs and has the potential to identify neural patterns
to control exoskeletons, prostheses and functional electrical
stimulators. Wei et al. investigate the feasibility of gait phase
recognition based on EEG combined with EMG using the
corticomuscular interaction analysis and the time-frequency
cross mutual information method. They report good recognition
for three different walking speeds and discuss a theoretical basis
for gait recognition based on EEG and EMG recordings during
patient rehabilitation with lower limb exoskeletons.

COMBINED EFFECTS OF SPINAL CORD
NEUROMODULATION AND
EXOSKELETON WALK TRAINING IN
PARALYZED INDIVIDUALS

Finally, a promising approach is based on neuromodulation
of the spinal circuitry during walking in the exoskeleton. This
method is particularly beneficial for gait rehabilitation after
SCL This approach makes use of the activation of central
pattern generation circuits that largely depend on the presence
of a sustained excitatory drive (as it can be elicited by non-
invasive transcutaneous electrical spinal cord stimulation either
without or with specific pharmacological neuromodulation)
combined with the over-ground step training in an exoskeleton.
In particular, Gad et al. in a case study report that spinal cord
stimulation combined with pharmacological treatment enhanced
the level of effort and improved the coordination patterns of the
lower limb muscles, resulting in a continuous stepping motion
in the exoskeleton along with the improvements in autonomic
functions including cardiovascular and thermoregulation. In
a large cohort of SCI patients, Shapkova et al. show that
percutaneous electrical stimulation of the lumbar enlargement
and exoskeleton-induced walking work together well to assist
walking in SCI patients. Particularly, anti-spastic stimulation
at high frequency enabled individuals with severe spasticity
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to be able to use the exoskeleton for walking. Overall, this
study showed that the 2-week intensive synergistic effect of
exoskeleton-assisted walking and the simultaneous spinal cord
stimulation improve gait and neurological signs in chronic SCI,
including complete paralysis.

Taken together, this Research Topic demonstrates the growth
of interest to using neural prostheses for the restoration
of locomotion in patients with neurological disorders that
impair gait.
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We asked whether coordinated voluntary movement of the lower limbs could be regained
in an individual having been completely paralyzed (>4 year) and completely absent
of vision (>15 year) using two novel strategies—transcutaneous electrical spinal cord
stimulation at selected sites over the spine as well as pharmacological neuromodulation
by buspirone. We also asked whether these neuromodulatory strategies could facilitate
stepping assisted by an exoskeleton (EKSO, EKSO Bionics, CA) that is designed so that
the subject can voluntarily complement the work being performed by the exoskeleton. We
found that spinal cord stimulation and drug enhanced the level of effort that the subject
could generate while stepping in the exoskeleton. In addition, stimulation improved the
coordination patterns of the lower limb muscles resulting in a more continuous, smooth
stepping motion in the exoskeleton along with changes in autonomic functions including
cardiovascular and thermoregulation. Based on these data from this case study it
appears that there is considerable potential for positive synergistic effects after complete
paralysis by combining the over-ground step training in an exoskeleton, combined with
transcutaneous electrical spinal cord stimulation either without or with pharmacological
modulation.

Keywords: spinal cord injury, exoskeleton, spinal cord stimulation, non-invasive neuromodulation, neural
prostheses for locomotion, locomotion rehabilitation

INTRODUCTION

The mammalian spinal cord is capable of generating locomotor output independent of any
input from the brain using locomotor related neuronal circuitries. After complete mid-thoracic
transection of the spinal cord, paralyzed cats can stand, and step when appropriate proprioceptive
input is provided to the lumbosacral networks that contain the pattern generator circuitry
(Rossignol et al., 2007; Rossignol and Frigon, 2011). The animals can learn to fully support their
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hindquarters, and to step at a range of speeds and loads
(de Leon et al, 1999a,b). Adult paralyzed rats can relearn
to step with a combination of neuromodulatory strategies
including locomotor training, pharmacological intervention,
and epidural stimulation (Courtine et al, 2009; Musienko
et al, 2012; Gad et al, 2013, 2015). Paralyzed rats can
step forward, sideways, backwards as well as climb stairs
voluntarily (Shah et al., 2012). Recently we have suggested a
novel neuromodulation strategy of motor control using non-
invasive transcutaneous spinal cord stimulation combined with
administering a monoaminergic agent. We have demonstrated
that transcutaneous spinal cord stimulation at lumbosacral
segments can induce coordinated stepping like movements in
paralyzed individuals when their lower limbs are suspended in a
gravity neutral device (Gorodnichev et al., 2012; Gerasimenko Y.
et al., 2015). Also this strategy has enabled voluntary control of
stepping-like motions in 5/5 individuals with chronic complete
motor paralysis (Gerasimenko Y. P. et al., 2015).

Here, we use this non-invasive stimulation technology,
painless cutaneous enabling motor control (pcEmc) to determine
the feasibility of re-establishing functional brain spinal cord
connectivity that enables a subject with complete motor paralysis
to move upon volitional intent and perform work that can assist
a robotic exoskeletal device in generating over-ground stepping.

The use of robotic-like devices to improve locomotion in
patients with paralysis has been tested with mixed results (Ferris
et al., 2005; Esquenazi et al., 2012; Strausser et al., 2012; McDaid
et al., 2013). In experimental studies in animals, we developed
an assist-as-needed (AAN) robotic treadmill device with arms
to move the legs in a step-like trajectory so that the mice could
be trained with an allowable variation in window diameter and
temporal pattern controlled with a graded force field (Cai et al,,
2006). Several Exoskeleton devices have been developed to allow
human subjects to step over-ground with varying efforts from
the subject including some that are approved by FDA such as
the ReWalk, Indego, EKSO Bionics and others that are still
experimental (Esquenazi et al., 2012; del-Ama et al., 2012). Some
of the experimental units include a brain computer interface
(Lebedev and Nicolelis, 2011; Onose et al., 2016) or muscle
stimulators (del-Ama et al., 2014), however, each of these units
bypass the automaticity that is intrinsic to the spinal networks
and do not allow voluntary effort from the subjects and the inter-
step variability to allow the spinal networks to relearn stepping
(Ziegler et al., 2010).

EKSO Bionics is a battery powered wearable bionic suit with
motors at the hips and knees which enables individuals with
lower extremity motor impairment to stand and voluntarily step
over-ground with weight-bearing and alternating gait. The EKSO
GT robotic exoskeleton is a class I medical device (United States
FDA) which provides functional rehabilitation in the form of
over-ground weight bearing stepping in subjects with spinal cord
injuries (complete and incomplete) and stroke. The device works
in two modes namely the “max assist” and “variable assist.” In
max assist, the pilot (patient) has to initiate a step by unweighting
one leg which triggers the motors on the EKSO to move the entire
limb in a step like trajectory. In this mode, 100% assistance is
offered during the entire step cycle. However, the variable assist

mode actively allows the subject to voluntarily assist, even when
the subject exerts minimal voluntary influence on the robot.

Thus, the objective of the study was to test the combinatorial
effects of non-invasive electrical spinal cord stimulation,
pharmacological neuromodulation with a robotic device that
allows one to voluntarily assist the robot during over-
ground stepping. We hypothesized that tonic pcEmc can
modulate the paralyzed spinal networks so that the subject
can voluntarily engage these networks to assist stepping, as
observed in spinal mice, when training in the EKSO. The
present results demonstrate that locomotor spinal networks can
be neuromodulated with pcEmc to physiological states, similar
to that observed in paralyzed mice with epidural stimulation
that enables sensory input to serve as a source of neural control
to generate stepping. Based on our previous observation with
epidural stimulation we also hypothesized that the plasticity
occurring in the spinal cord would re-enable improved voluntary
control of lower limbs other than during stepping, as well as
cardio-vascular function.

METHODS

Clinical Status

The subject was an adult between the age of 35 and 40 years
at the time of the study. The subject was diagnosed with a
detached retina at the age between 20 and 25 years leading to
complete blindness. In 2010 the subject fell from a 2nd story
balcony hitting a concrete floor causing a spinal cord injury at
T9 and L1 vertebral levels. The subject was initially (immediately
after the injury), 24 months post injury and immediately before
the study was initiated, was diagnosed as American Spinal
Injury Association Impairment Scale (AIS) A (no sensation or
movement below the level of injury) motor complete injury and
had no motor function of trunk or leg muscles and used a
suprapubic catheter to enable bladder emptying. Despite being
diagnosed as AIS A, the spinal locomotor circuitry in the
lumbosacral spinal cord was active and responsive to stimulation
(Figure 1A) that was varied based on the site of stimulation with
the generation of late responses (latency > 100 ms) and increased
muscle activity while voluntarily attempting dorsiflexion or
plantarflexion (Figures 1B,C). The subject had been training
(inconsistently) with the EKSO Bionics suit for over 24 months
and had completed ~180,000 steps prior to the experiment.
The subject used crutches while stepping in the EKSO during
the entire period of the study. The subject signed an informed
consent form which was approved by the Institutional Review
Board (IRB) at the University of California, Los Angeles (UCLA).

Experimental Procedures
Training: Walking in the EKSO Bionics
The study was divided into four phases, baseline, stim only, drug
only, and drug+stim (1 week each). EMG and EKSO robot data
were collected at the end of each phase of the study. Further, self-
scored data from the subject were collected everyday (see below
for details).

To establish and define a functional baseline the subject
walked in the EKSO for a period of 4 weeks without pcEmc
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FIGURE 1 | (A) Average motor evoked potentials (n = 5) at 200 mA while
stimulating the T11, L1, and Co1 vertebral levels with the subject in supine
position from the multiple lower limb muscles. (B) Average motor evoked
potentials (n = 3) from the MG muscles with the subject in supine position at
T11 (110 mA) vertebral level during control conditions (No Voluntary Effort,
NVE) or with the subjects voluntarily attempting to maximally dorsiflex
(Voluntary Dorsiflexion, VD). Box inset: zoomed in view during NVE and
voluntary dorsiflexion 1 s before the stim pulse (gray) and 1 s after the stim
pulse (red). Note the black arrow marks the stimulation pulse. (C) Normalized
mean+SD integrated EMG for the duration highlighted in (B). Inset represents
the zoomed in view of the region marked by black dotted line. Each of these
data were collected at PreStim time point.

in variable assist mode for 1 h/day, 5 days/week. Each 1-h
session was divided into blocks of 15 min with 5 min break in
between. At the end of the 4-week period, EKSO training with
neuromodulation was initiated. Neuromodulation consisted of
1 week of pcEmc only followed by 1 week of pharmacological
enabling motor control (fEmc) followed by 1 week of pcEmc and
fEmc. Each day of training consisted of 5-10 min warm up block,
followed by three 20 min blocks with or without pcEmc based
on the phase of the study. Blood pressure and heart rate readings
were recorded at the end of each block.

Neuromodulation Parameters
Non-invasive spinal cord stimulation at T11 and/or Col
was administered using a specific stimulation waveform that

minimizes discomfort, even when used at energies required
to transcutaneously reach the spinal cord (Gerasimenko Y. P.
et al, 2015). pcEmc was delivered using a 2.5 cm diameter
electrode (Lead Lok, Sandpoint, United States) placed midline
on the skin between spinous processes T11-T12 (simply T11)
or over Col as a cathode and two 5.0 x 10.2 cm? rectangular
plates made of conductive plastic (Ambu, Ballerup, Germany)
placed symmetrically on the skin over the iliac crests as anodes.
pcEmc was delivered at Thorasic T11 - 30 Hz and/or Coccyx
bone segment (Col) - 5Hz, the intensities of stimulation were
determined based on optimum efficacy and feedback from the
subject. fEmc was administered with 10 mg tablets twice a day
(prescribed by the MD on the study).

Testing

Baseline (pre-train) data were collected after 4 weeks of training.
An external pressure sensor (FSR 1 sq. inch) was attached to
the right heel at the same site as the internal pressure sensor
on the EKSO. This FSR pressure sensor was connected to the
EMG system (Delsys System) allowing us to synchronize the data
generated by the EKSO and the EMG system. At the end of
each phase, ability to step in the EKSO was tested both with and
without pcEmec. Data were synchronized, band pass filtered and
analyzed using custom scripts written in Matlab (Mathworks). 30
consecutive steps when the subject was stepping was chosen to
perform the data analysis including calculating mean assistance
data from the EKSO, mean integrated EMG from proximal, and
distal muscles. Similarly, ability to flex specific joints was tested
at the end of each phase with and without pcEmc.

EKSO Bionics

The EKSO device can work in two modes namely the “max assist”
and “variable assist.” In max assist, the pilot (patient) has to
initiate a step by unweighting one leg which triggers the motors
on the EKSO to move the entire limb in a step like trajectory.
In this mode, 100% assistance is offered during the entire step
cycle. However, in the variable assist mode actively allows the
subject to voluntarily assist, even when the subject voluntarily
exerts minimal influence on the robot.

During training, the EKSO device was operated in variable
assist mode enabling the subject to generate voluntary effort to
move forward and maintain a predetermined trajectory. During
the course of each step, if the subject’s voluntary effort was
not sufficient to maintain the trajectory, the onboard computer
provided the required assistance to complete the step as planned.
The EKSO device contained multiple position sensors (hip, knee,
torso) that prevented the subject from falling and recorded
74 parameters (sampled at 500 Hz) including the assistance
provided and current drawn by the motors which are directly
related to the subjects’ efforts to enable weight bearing stepping.

Kinematics and EMG Recordings

Bipolar surface electrodes were placed bilaterally on the soleus,
medial gastrocnemius (MG), tibialis anterior (TA), medial
hamstring (HM), and vastus lateralis (VL) muscles as described
previously (Gerasimenko Y. P. et al., 2015). Electromyography
(EMG) signals were amplified differentially (bandwidth of 10
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Hz to 10 kHz) and acquired at 10 KHz using a 16-channel
hard-wired A/D board and customized LabVIEW software
(National Instruments, Austin, TX) acquisition program. To
minimize artifacts from the stimulation, the EMG signals were
passed through a band-pass filter using a six-order band-pass
Butterworth filter (30-1,000 Hz). The filtered EMG signals were
analyzed off-line to compute the amplitude, duration, and timing
of individual bursts. Angular displacements at hip and knee joints
in both legs were recorded with goniometers.

Self-Scoring by Subject

The subject self-scored on various parameters including (1)
muscle tone during stepping, (2) sensation during stepping, (3)
sensation in legs every morning, (4) body perspiration during
stepping, (5) hand to leg coordination: This scores the perception
of the subject’s ability to move the upper and lower extremity as
a synchronous in a smooth and synchronous manner rather than
indiscreet interrupted components.

RESULTS

Active vs. Passive Stepping

Stepping passively (in variable assist mode) or in max assist in the
EKSO resulted in minimal activation of lower extremity muscles
and autonomic function (perspiration etc) over the course of the
entire period of testing each day as well as weeks of training.
Active voluntary effort during stepping resulted in increased
EMG activity especially in proximal muscles, heart rate and
blood pressure along with decrease in assistance provided by the
EKSO. The decreased assistance was accompanied by increased
EMG activity in proximal and distal muscles (Figure 2). Further,
in the presence of stimulation, active stepping resulted in less
assistance and higher levels of EMG activity (Figure 3A). The
changing mean assistance, motor current and activation patterns
of muscles varied with the site of stimulation (Figures 3B,C).
However, the most effective pattern of stimulation (least mean
assistance and maximum EMG activity) was observed during a
combination of T11 and Col stimulation (Figures 3D,E). fEmc
alone, on the other hand, required a higher level of assistance
by the EKSO compared to pcEmc and voluntary effort. A
combination of pcEmc and fEmc resulted in lowest levels of
robotic assistance (Figure 3C). The mean step cycle duration in
the presence of stim only reduced from 2.13 s (baseline) to 2.03 s
(stim only). However, in the presence of drug the mean step cycle
increased to 2.07 s and decreased to 2.00 s with stim+drug. The
profile for assistance provided during the course of an average
step cycle resulted in a unique pattern of activation of the EKSO
compared to when the subject exerted a voluntary effort. These
patterns of assistance were consistent with the mean assistance
provided. In summary, the absence of pcEmc required higher
levels of assistance by the EKSO compared to presence of pcEmec.

Voluntary Control While in Supine

At the end of each test session, we tested the subject’s ability to
voluntarily flex his knee with and without pcEmc while lying in
a supine position. Without pcEmc, the subject was not capable of
flexing his knee but bursting activity was sometimes observed in
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FIGURE 2 | (A) Raw EMG from multiple leg muscles while stepping in the
EKSO without (passive) and with (red highlight) voluntary effort (active) (B)
Average percent effort (n = 30 steps) during either active or passive stepping
during a normalized step cycle. (C) Mean+SD (n = 30 steps) robotic work
during stepping in the EKSO (%). (D) Mean+SD (n = 30 steps) integrated
EMG in rectus femoris (RF) and tibialis anterior (TA) while stepping in the EKSO
in active (red) or passive (black) modes.

distal (TA, soleus, and MG) but not in the proximal muscles (VL,
RE and ST). However, in the presence of pcEmc at T11 (30 Hz)
and Col (5Hz), the subject was capable of flexing his knee
on command (Figure4) with an alternating bursting pattern
corresponding to flexion and extension of proximal muscles with
little activity in distal muscles. In the presence of fEmc only,
however, the subject was not capable of successfully flexing his
knee but generated robust bursting pattern in proximal muscle
with little activity in the distal muscles. Further, a combination
of pcEmc and fEmc resulted in robust bursting pattern with little
change in knee angle.

The changes in stepping patterns were accompanied by
changes in cardiovascular function (recorded via BP and HR
during every training session). The average systolic BP and
HR during a single session increased with each phase and
was maximum during the combination of pcEmc and fEmc
(Figure 5A). Along with changes in EMG patterns and robotic
assistance, the subject self-reported changes in muscle tone,
sensation, perspiration both during stepping as well as during
the rest of the day and hand to leg coordination during
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FIGURE 3 | (A) Average robotic assistance (n = 30 steps) during a complete
normalized step cycle during baseline (black), stim (red), drug (blue), and
stim+drug (green) phases while stepping in active mode. (B) mean+SD (n =
30 steps) knee current in the conditions mentioned above. (C) mean+SD (n =
30 steps) robotic assistance in the conditions mentioned above. (D) Average
(n = 30 steps) linear envelope for the RF and TA muscles while stepping in the
EKSO, (E) Mean+SD (n = 30 steps) integrated EMG while stepping in the
EKSO in active mode for the conditions mentioned above. RF, Rectus Femoris;
ST, Semitendinosus; TA, Tibialis Anterior; MG, Medial Gastrocnemius.

stepping. Each of the above variables were higher during
either pcEmc or pcEmc+fEmc phases as compared to fEmc
only and lowest during baseline (Figure5B). Further, the
trends in the self-reported scores followed the same patterns
as the robotic assistance demonstrating the integrated nature
of the subjects efforts and the assistance offered by the
robot.

DISCUSSION

Using completely non-invasive interventions, we have
demonstrated the ability to neuromodulate the lumbosacral
spinal cord to enable function of locomotor networks of a

human subject that has been completely paralyzed for more
than 4 years. This is consistent with our previous findings
with five subjects (Gerasimenko Y. P. et al, 2015). The
interventions tested included a combination of non-invasive
spinal cord stimulation, pharmacological activation via a
monoaminergic agonist (Buspirone), and over-ground weight
bearing stepping in an exoskeleton. It has been shown that
activation of the lumbar enlargement via transcutaneous
electrical stimulation facilitates passive locomotion and
robust patterns of EMG activity in lower extremity muscles
in SCI patients (Minassian et al, 2007; Hofstoetter et al.,
2013, 2015). Recently we have shown that transcutaneous
spinal cord neuromodulation (pcEmc) can be used to both
initiate oscillatory movement and enable voluntary oscillatory
movements in motor complete subjects. These oscillatory
movements were further amplified with a combination of pcEmc
and fEmc over the course of 18 weeks (Gerasimenko Y. P. et al,,
2015).

Stepping in the EKSO Bionics device provides a unique
opportunity for subjects with spinal cord injuries to experience
over-ground weight bearing stepping (Strausser et al., 2012).
However, a unique and perhaps essential advantage of the EKSO
Bionics device is the ability to voluntarily engage the lower
limbs while stepping, by engaging both supraspinal and spinal
networks in a synergistic manner. The EKSO Bionics is capable
of functioning in two modes, the maximum assistance mode
in which the subject is expected to initiate a step cycle (by
shifting his weight to the contralateral side) with the EKSO
completing the step cycle with the parameters provided, i.e. step
cycle, toe height, swing time etc. while maintaining the decided
trajectory. In contrast, while stepping with the variable assistance
mode, once the subject initiates a step, the EKSO only provides
assistance during the swing phase based on the amount of effort
the pilot applies. However, if and when various joints of the active
limb falls out of the window of error that is allowed, assistance
is provided to ensure the trajectory is maintained and the swing
phase is completed as planned. This “assist as needed” paradigm
allows the subject to engage the lumbosacral spinal networks
to control one limb at a time to complete a swing phase while
the contralateral limb goes through a passive stance phase. In
addition, pcEmc can modulate the excitability of the spinal neural
networks to a state of higher state of excitability that enables re-
connectivity of cortical networks to spinal networks projecting
to the appropriate motor pools with a relatively high level
agonist-antagonistic coordination that supports the generation of
standing and stepping.

We have reported similar changes in modulating the
physiological state of the lumbosacral spinal cord in four out
of the first four subjects diagnosed as AIS A, tested with
epidural implants over the L1-S1 spinal levels within weeks of
implantation (Harkema et al., 2011; Angeli et al., 2014). The
results show continuous recovery in voluntary motor control
as a result of daily motor training, but only in the presence
of epidural stimulation. In a study of 564 human cadavers
with SCI, Kakulas (1999) reported that many of the cadavers
had axons within the spinal cord white matter remaining
across lesion site even though they were clinically assessed as
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motor complete. The changes in both locomotor and autonomic
systems that we observed in this study provides further evidence
that spinal networks of individuals clinically diagnosed at AIS
A can be physiologically neuromodulated to a higher and
more functional state even with non-invasive neuromodulatory
procedures.

Three important aspects of over-ground training in the
exoskeleton vs. locomotor training with a body weight support
come to light. Firstly, while stepping in an exoskeleton, only
one person is needed to spot the subject to avoid falls as
compared to 3—4 trainers while stepping on a treadmill. Secondly,
while walking in the EKSO Bionics device, the subjects are
capable of using their upper bodies, trunk muscles, arms to
further enhance their locomotor abilities. Thirdly, over-ground
stepping in the EKSO challenges the system to a higher degree
compared to stepping with a body-weight support system since

the patient has to actively balance the upper body and generate
coordinated movements between the arms, trunk and lower
limbs. Obviously, the unique feature of the EKSO is that it
generates overground stepping kinematics that can be influenced
by the subject’s effort. The overhead support allowing overground
mobility has no means for assisting the limb kinematics. The
overhead support devices on a treadmill either imposes uniform
kinematics which is markedly non-physiological or relies on
multiple skilled therapists. It should be noted that multiple
robotic suits are being developed for overground stepping
(experimental and FDA approved) with unique sets of built
in features (Lebedev and Nicolelis, 2011; del-Ama et al., 2012;
Esquenazi et al., 2012; McDaid et al,, 2013). Comparing the
various features of the different robotic exoskeletons is an
important question but that is beyond the scope of the current
report.
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The present data also demonstrates that the interneuronal
spinal networks that normally generates a largely random-
stochastic bursting pattern of excitation of the motoneurons
can be neuromodulated using a non-invasive mode of
stimulation as can occur with epidural stimulation after
complete paralysis (Angeli et al, 2014). Convergence of
somatosensory and descending motor inputs in combination
with spinal cord stimulation and pharmacological activation
of interneurons, and perhaps to some degree motoneurons,
results in the re-emergence of not only some level of
“automated” locomotor movements but also those that can
be under more voluntary control (Gerasimenko Y. P. et al,
2015). Once the functionally non-responsive neural networks
become electrically responsive, it appears that they can be
transformed to a physiological state which is sufficient for
them to be re-engaged and even be controlled with the

presentation of proprioceptive and cutaneous ensembles of
sensory input normally linked to a motor task. It is this new
dynamic physiological state which enables it to learn with
training.

A more general point to be derived from the present data,
when combined with other similar observations (Rejc et al,
2015), questions the validity of several dogmatic concepts,
namely, (1) there is limited plasticity after more than a year
after a spinal-complete lesion, thus, precluding significant levels
of functional recover and (2) with a clinically complete spinal
lesion there are no viable cellular components intrinsic to the
lesion that can provide a means for supraspinal-spinal re-
connectivity. These results in conjunction with our recent report
of five subjects with motor complete spinal injuries greater
than a year post lesion regaining voluntary influence of lower
limb movements within one treatment session with pcEmc raise
new and critical questions about the biology of the lesion of
a “complete” spinal injury (Gerasimenko Y. P. et al, 2015).
The question becomes, to what extent can spared but perhaps
functionally incompetent descending axons within the lesion site
be transformed to electrically competent networks below the
injury using non-invasive painless spinal cord stimulation. If
this transformation can be achieved, it appears that descending
supraspinal input, proprioception and neuromodulatory inputs
projecting to interneuronal networks projecting to different
motor pools can generate the appropriate EMG and behavioral
response. With long term training, there appears to be an
emergence of improved synaptic connections among the spinal
interneurons projecting to motoneurons resulting in more
“normal stochastic and coordinated bursting patterns” from
agonist and antagonistic motor pools compared with dormant
networks before training that seems to have formed aberrant
functional connections in response to an extensive “denervation”
phenomenon within and among spinal networks distal to the
lesion.
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Purpose: Exoskeletons have been developed for rehabilitation of patients with
walking impairment due to neurological disorders. Recent studies have shown that the
voluntary-driven exoskeleton HAL® (hybrid assistive limb) can improve walking functions
in spinal cord injury and stroke. The aim of this study was to assess safety and effects
on walking function of HAL® supported treadmill therapy in patients with limb-girdle
muscular dystrophy (LGMD).

Materials and Methods: Three LGMD patients received 8 weeks of treadmill training
with HAL® 3 times a week. Outcome parameters were 10-meter walk test (10 MWT),
6-minute walk test, and timed-up-and-go test (TUG). Parameters were assessed pre
and post training and 6 weeks later (follow-up).

Results: All patients completed the therapy without adverse reactions and reported
about improvement in endurance. Improvements in outcome parameters after 8 weeks
could be demonstrated. Persisting effects were observed after 6 weeks for the 10 MWT
and TUG test (follow-up).

Conclusions: HAL® treadmill training in LGMD patients can be performed safely and
enables an intensive highly repetitive locomotor training. All patients benefitted from this
innovative method. Upcoming controlled studies with larger cohorts should prove its
effects in different types of LGMD and other myopathies.

Keywords: muscular dystrophy, exoskeleton, locomotor training, walking, rehabilitation

INTRODUCTION

Limb girdle muscular dystrophies (LGMD) are rare neuromuscular diseases with an estimated
prevalence ranging from 0.43 per 100,000 for subtype 2I (LGMD 2I) and 0.94 per 100,000
for subtype 2A (LGMD 2A; Fanin et al., 2005; Narayanaswami et al., 2014; Thompson and
Straub, 2016). They are a pathophysiologically diverse group of degenerative myopathies with the
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HAL Training in LGMD

common feature of floppy para- or quadriparesis with proximal
pronouncement and muscular atrophy. Basically, LGMDs and
divided into two groups due to different modes of inheritance.
The LGMD1 group has an autosomal dominant inheritance,
whereas LGMD?2 are autosomal recessive. Involvement of cardiac
and respiratory muscles, joint contractures and extramuscular
anomalies occur irregularly depending on the subtype, the
underlying genetic defect and affected structural protein
(Thompson and Straub, 2016). For example, cardiac involvement
is observed often in LGMD 2B whereas has not yet been
reported for LGMD 2A, suggesting different pathophysiological
mechanisms in both diseases. Different genetic mutations
have been identified as the cause of fiber degeneration and
strength loss. Intensive genetic and proteomic research over
the last 10 years helped to understand the disease and clinical
manifestations. Another nomenclature of LGMDs can be done
depending on the specific protein function that is defective. So,
different pathways and subcellular structures can be involved,
e.g., dystrophin-glycoprotein complex, sarcomere, glycosylation,
signal transduction, nuclear function, and trafficking. These
pathological mechanisms may lead to loss of sarcomere integrity,
error in glycosylation of alpha-dystroglycan, defects in muscle
repair and dissociation of the sarcomere. For example, LGMD 2A
is the most frequent LGMD worldwide. Underlying mutations
are located in the Calpain-3-gene that encodes a muscle-specific
nonlysosomal protease that is supposed to be mainly involved
in disassembly of the sarcomere and muscle cytoskeleton to
allow for proper protein turnover during muscle remodeling
(Taveau et al., 2003; Kramerova et al., 2007a,b). The clinically
manifestations can vary and the phenotypic spectrum is broad;
cardiac involvement has not been reported yet and stands in great
contrast with other types of LGMD (Kramerova et al., 2007a). In
contrast, LGMD 2I is caused by a mutation in the fukutin-related
protein gene (FKRP) at chromosome 19. It leads to secondary
laminin alpha2 deficiency and an abnormal glycosylation of
alpha-dystroglycan (Brockington et al., 2001a,b). The clinical
spectrum of this subtype ranges from severe and Duchenne-
like phenotypes to mild dystrophies with mild elevated creatine
kinase (CK) levels (Mercuri et al., 2003). However, genetic and
protein defects for all subtypes are still not yet known. Today,
LGMD1 A-H and LGMD2 A-W are described (Nigro and
Savarese, 2014) today. Clinically, muscle weakness is usually
slowly progressive over years. Resultant reduced endurance
and cardiovascular fitness, fatigue, exercise intolerance and a
more sedentary lifestyle are common symptoms of patients with
LGMD. Sooner or later but depending on subtype, most patients
need physical assistance for walking and activities of daily living.

Inspite of growing and innovative pharmaceutical
investigations for degenerative and even hereditary neurological
disorders, disease-specific therapy for LGMD is not yet available
(Thompson and Straub, 2016). A few study groups still try
to find therapies that start at genetic level. Initial laboratory
approaches have been undertaken for precise genetic therapy in
LGMD 2B and 2D (Turan et al., 2016). Other study groups have
tried to diminish secondary effects of muscle degeneration like
inflammation with immune suppressive therapies or to prevent
cardiac involvement (Chen et al., 2016; Heydemann, 2016). None

of these approaches are established and safe medical therapies,
today. Nonetheless, patients suffering from LGMD cannot profit
from these new investigations. Therefore, exercise therapies play
an important role in patients with LGMD (Siciliano et al., 2015).

Even many studies have been conducted in this area, little is
known about the best and most effective physiotherapy for each
different myopathy. Standard rehabilitation therapy programs
could not be established yet. Most studies struggle with the
problem of small case numbers, unclear subtype of LGMD,
unclear genetic mutation and heterogeneous causes of myopathy
that has been included to the study. One should be very careful in
extrapolating training effects from one disease to another, since
the molecular defects are so different, which warrants many more
investigations of individual muscle diseases.

Generally, two different types for physical therapy can be
divided: (a) strength training and (b) aerobic exercise training
(Siciliano et al.,, 2015). Strength training programs aiming
at certain target muscles report transient increase in muscle
strength, but without knowing the optimal resistance needed
(Lindeman et al.,, 1995; Sveen et al., 2013). Strength exercise
should be supervised because of possible long-lasting myalgia
and increase of (CK) indicating therapy-induced muscular
injury (da Luz et al, 2011). Studies examining various exercise
protocols are limited because of small sample sizes and wide
clinical heterogeneity, again. Several studies showed that walking
rehabilitation programs with aerobic endurance training can
improve muscle strength and self-assessed muscle function
(Ansved, 2003; Vissing et al., 2014). For example, Vissing et al.
investigated 6 patients with LGMD 2L, so called anoctamin 5
myopathy (Vissing et al., 2014). They performed systematically
aerobic training with a bicycle ergometer for 10 weeks. The
authors could show improvement of oxidative capacity and
muscle strength without further increase of CK or muscle
soreness. Further studies from the same scientific group have
demonstrated similar positive results for aerobic training in
Becker’s dystrophy (Sveen et al., 2008), LGMD 2I (Sveen et al,,
2007), and facioscapulohumeral muscular dystrophy (Olsen
etal., 2005). However, aerobic training seems to play a useful and
safe effect in some subtypes of LGMD.

Today, treadmill training (TT) is a very useful tool to
enhance locomotor function in diseases presenting with walking
disturbance, e.g., stroke and spinal cord injury (SCI; Protas
etal., 2001; Srivastava et al., 2016). It requires partially preserved
stability of the trunk and residual active muscle innervation of
the lower extremities. Combined with a body weight support
(BWSTT), it is a regularly used and safe tool to applicate an
aerobic endurance training. BWSTT can be assessed also in
patients with impaired cardiac and pulmonary function. Its
advantage is a very high repetition frequency of gait cycle that
can lead to more intensive learning and training effect (Daly
and Ruff, 2007). BWSTT can especially improve the stance
phase of gait, i.e., the symmetrical weight shift (Visintin and
Barbeau, 1994), symmetrical activation of the quadriceps muscles
during limb loading (Trueblood, 2001) and faster walking
(Visintin et al, 1998; Daly and Ruff, 2004, 2007). Because
BWSTT has some lacks of results in some gait training studies
considering brain plasticity and for the swing phase of gait, it is
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reasonable to combine BWSTT with other interventions. Daly
et al. combined BWSTT with functional electrical stimulation
(FES) in stroke survivors. They showed that the combination
offered the capability of practice of the greatest number of gait
components for which two motor learning principles associated
with CNS plasticity could be satisfied: practice of close-to-normal
movement and repetition of that practice (Daly and Ruft, 2007).
Some studies using BWSTT/TT in myopathies can be found
in literature. In particular, Taivassalo used TT in patients with
metabolic and non-metabolic myopathies performing a short-
term aerobic training at low intensity. Both groups benefited
(Taivassalo et al., 1998, 1999). Controlled studies aiming on
the effect of BWSTT/TT compared to other training methods
on different types of myopathy are not available so far. Clear
recommendations on BWSTT/TT application and other types of
training methods in myopathies do not exist today.

In the last decades, BWSTT has been combined with
neurorobotic devices also (Blaya and Herr, 2004; Pohl et al., 2007;
Michmizos et al., 2015). All of these devices provide repetitive,
accurate and reproducible practice and represent task-specific
training. A new generation of robotics are exoskeletons. They
are wearable mobile machines with a frame and actuators on
hip and knee joints. One commercially available exoskeleton
is the hybrid assistive limb® (HAL®; Kawamoto et al., 2013,
2014). It detects electromyographic signals via surface electrodes
from the ventral and dorsal thigh (Cyberdyne Inc., Japan). In
contrast to other robotic devices that provide automatic passive
motion, HAL® enables gait training with voluntarily driven by
muscle activity. Today, it used as a training tool only, not as
an aid for domestic field. In studies, it used in combination
with BWSTT throughout. Studies on patients with SCI and
stroke have demonstrated beneficial effects on walking function
and on neuronal plasticity (Kubota et al., 2013; Aach et al,
2014; Cruciger et al., 2014; Sczesny-Kaiser et al.,, 2015). Aach
et al. showed in a pilot study and in a larger study including
55 patients with chronic SCI that BWSTT with HAL® led to
functional improvement assessed by walking tests like 10-meter
walk test and 6-minutes walk test. The authors used an intensive
training program with 5 sessions per week over 12 weeks. An
improvement of ~50% could be expected (Aach et al., 2014;
Grasmiicke et al., 2017). Even a cortical reorganization indicating
neuronal plasticity could be observed. Using electrophysiological
methods, unused leg representations in the postcentral gyrus
were activated even after years post ictus (Sczesny-Kaiser et al.,
2015). Similar results have been reported for chronic stroke
patients (Yoshimoto et al., 2016). Walking speed increased
about 56%. A comparison with other rehabilitation programs
like Bobath has not been performed so far. Past experience
with HAL® training in patients with chronic gait impairment
demonstrated that this exoskeleton and training program can
induce additional functional improvements. Because patients
with chronic myopathy rely on physiotherapy only, HAL®
might be a new training tool for exercise training. Looking
for HAL® training in myopathies, only one case has been
reported using HAL® in a patient with ocularpharyngodistal
myopathy (Hasegawa et al., 2015). Authors stated that no adverse
events occurred and that patient’s walking parameters were

stable. Further application of HAL®-training in myopathies or
muscular dystrophies does not exist. Because HAL® exoskeleton
is a promising and novel rehabilitation tool utilizing patients’
active and voluntarily driven muscular activity, we evaluated the
effect on walking functions in three LGMD patients before and
after an 8-week period of HAL®-supported treadmill training. By
means of the results of this small study, upcoming studies with
larger groups should be planned. We want to establish a novel
and innovative therapy program for patients with myopathies.

MATERIALS AND METHODS
Subjects

Three outpatients of our neuromuscular center with LGMD were
enrolled. Clinical details are shown in Tables 1A,B. Inclusion
criteria were a clinically, histopathologically, or genetically
determined LGMD with para- or quadriparesis and proximal
pronouncement and muscular atrophy, and sufficient stability of
the trunk. The patients were required to present preserved motor
function of hip and knee extensor and flexor muscle groups in
order to be able to trigger the exoskeleton (medical research
council scale for muscle strength = MRC > 1/5). Exclusion
criteria were plegia (MRC 0/5), instability of the trunk, severe
limitations of range of motion regarding hip and knee joints
(i.e., leading to functional contractures), body weight >100 kg,
non-consolidated fractures and severe heart insufficiency. All
patients provided written informed consent (ethic approval no.
4733-13, Medical faculty, Ruhr University Bochum). The study
was performed in accordance with the Declaration of Helsinki.
The clinical assessment and muscle strength score were evaluated
before the protocol by a skilled operator.

The Exoskeletal Training

All patients underwent an 8-week training period of body-
weight supported treadmill training (BWSTT) with HAL®
exoskeleton. Each patient was scheduled 3 times a week resulting
in 24 sessions. The actual time of walking with HAL® was
max. 30 min. The exoskeleton was voluntarily triggered by
EMG-signals from the extensor and flexor muscles of hip and
knee detected via surface EMG electrodes. Voluntary motion
was magnified and adjusted the muscle activity in accordance
with the patient’s intention. During therapy, the velocity of
the treadmill (Woodway USA, WI, USA) was set individually
between comfortable and maximum speed tolerated by the
patient. Initially, the bodyweight support was individually pre-set
at up to 50% of patient’s body weight and individually reduced in
subsequent training sessions (see Figure 1).

HAL®-Supported Treadmill Parameters

Some treadmill-bounded parameters were assessed. The distance
on treadmill in meters for each session, the velocity on treadmill
and the time on treadmill were recorded and documented by the
therapist.

Primary Outcome Measurements
To assess the training effect, all tests were performed without
HAL® exoskeleton. We used the 10-meter walk test (10 MWT)
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TABLE 1 | A and B: Clinical data of LGMD patients.

A
No. Age range Diagnosis Genetics
1 40-45 LGMD 2A Compound heterozygous CAPN3-mutations in exon 3 ¢.390G>C (p.Trp130Cys) and in
exon 4: ¢.550delA
55-60 LGMD 2| Homozygous FKRP-mutation in exon 4: ¢.826C>A (p.Leu276lle)
60-65 LGMD (of unknown subtype) No mutations detected in next generation sequencing panel including CAPNG-, DYSF-,
FKRP-genes
B
No. Age range at disease onset Proximal muscle strength of Extraskeletal muscular involvement Physical assistance
lower extremities (MRC)
1 10-15 1-2/5 None Electric wheelchair
45-50 2-3/5 Cardiac, mild lowered left ventricular function ~ Wheeled walker
45-50 2-3/5 None Walking stick

M, man; F, female; LGMD, limb-girdle muscular dystrophy; MRC, medical research council.

FIGURE 1 | Training setting. The patient is performing body-weight supported
treadmill training with the HAL® exoskeleton. The physiotherapist supervises
the session. Left picture: Copyright V. Daum, Bergmannsheil Bochum; with
informed and written consent obtained from both, the patient and the
therapist; right picture: Copyright and courtesy of Cyberdyne Care Robotics
GmbH, Bochum, Germany. Appropriate permissions have been obtained from
the copyright holders for the publication of both images.

at each daily training session (Bohannon et al., 1996). Data from
the first and the last day have been taken for baseline and end
of the training data. We took it daily in order to give a feedback
to the patient, to motivate her/him. The 10 MWT measured the
time needed to walk a 10 m distance. The timed-up-and-go test
(TUG) describes the time and assistance required for standing
up from the wheelchair, walk 3 m, turn around, walk back and sit
down (Podsiadlo and Richardson, 1991). The 6-minute walk test
(6 MWT) evaluates the distance covered when walking for 6 min

(Balke, 1963). TUG test and 6 MWT were done at the beginning
and at the end of the 8-week training period. If possible, all three
tests were assessed 6 weeks after the end of the training period
again (follow-up assessment, see Figure 2).

Secondary Outcome Measurements

To assess motor and balance functions, the motor-related section
of the Functional Independence Measure (FIM) (Keith et al.,
1987) and the Berg Balance Scale (BBS) (Berg et al., 1992) were
documented at baseline and after the 8-week training period
(Ottenbacher et al., 1996; Ravaud et al., 1999; Bérard et al., 2005).
Both scales were tested by a physical therapist with long-time
experience in neurological disorders and myopathies.

Self-Reported Changes in Condition and

Symptoms, Adverse Events

Before and after each training session, patients were asked if they
had any negative symptoms and adverse events. Furthermore,
after the whole training session, patients completed a modified
questionnaire grading changes in physical endurance, leg muscle
strength, and physical activity (Sveen et al., 2007).

RESULTS

Exoskeletal Training

All three patients completed 24 sessions each. Patients #2 and #3
performed follow-up assessment after 6 weeks. Patient #1 was lost
to follow-up. Adverse reactions did not occur. Assessed data can
be divided into two categories: (a) HAL®-supported treadmill
parameters and (b) primary outcome parameters without HAL®.
Treadmill parameters were recorded online and demonstrate the
velocity on treadmill, how long the patients could perform the
exercise on the treadmill and the distance walked on treadmill.
These parameters should improve, otherwise the training has
to be considered not suitable for this patient. Improvement
in treadmill bounded parameters are the basis of a successful
training.
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FIGURE 2 | Study design. Three measurements: pre-, post-, and follow-up
assessments. Additionally, 10 MWT was performed before and after each
training session. Follow-up assessments were done 6 weeks after completion
of HAL® training period.

HAL®-Supported Treadmill Parameters

All patients showed increased distance covering on treadmill,
increased training time with a maximum of 30 min and increased
velocity on treadmill (see Figures 3A-C). A five-fold distance,
four-fold increase of velocity and a maximum time on treadmill
(30 min) have been reached in all patients.

Primary Outcome Parameters

Figures 4A-C show the results of all walking parameters 10
MWT, TUG test, and 6 MWT. At baseline 10 MWT showed
similar impairment at a mild stage for all 3 patients. Six MWT
and TUG test demonstrated different degree of impairment
reflecting different subtypes of LGMD. But, assessed without
HAL® exoskeleton, all patients showed clearly decreased time in
10 MWT, increased distance in 6 MWT and decreased time in
TUG test after 24 training sessions. In the follow up assessments,
10 MWT and TUG test data revealed preserved training effects in
both patients compared to baseline data. This effect could not be
observed for 6 MWT data. Statistical analysis was not performed
due to small data.

Secondary Outcome Measurements

Patient #2 showed increased BBS-score of 5 points after training
period. BBS-scores of patients #1 and #3 varied only by 1 point.
Considering the motor section of FIM, patient #3 increased by 6
points after HAL® therapy whereas patient #2 did not exhibit
any change (see Figures5A,B). Patient #1 could increase his
performance by 3 points.

Self-Reported Improvements and Adverse
Events

Patient #1 and #2 did not report any adverse events. Patient #3
felt general weakness for about 1-2 h after the training session
without myalgia or stiff muscles. Furthermore, all three patients
told about better physical endurance after 8 weeks of HAL®
training (see Table 2).

DISCUSSION

This study shows that HAL®-assisted BWSTT is a safe and
effective method for aerobic exercise training in ambulatory
patients with LGMD. All patients showed increased treadmill-
bounded and HAL®-dependent walking parameter, i.e., walking
distance, velocity on treadmill and time on treadmill. No patient
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FIGURE 3 | Treadmill parameter with HAL® exoskeleton at baseline and after
24 training sessions (A=C).

reported about sustained worsening of symptoms. These results
indicate a good acceptance of this new robotic training method
and give the basic for an effective therapy. HAL® supports the
patients efficiently to complete treadmill training sessions and to
improve walking distances on treadmill. HAL®-training enables
a highly repetitive and intensive locomotor training in LGMD-
patients with mild to severe impaired walking functions. Like
previously described, T'T cannot cover all parts of gait phases; TT
is more effective when combined with other training methods. In
our study, we combined with a voluntarily driven exoskeleton.
In this combination, more importantly, we found improved
HAL®-independent walking parameters (10 MWT, 6 MWT,
TUG) which were paralleled by self-reported improvements.
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FIGURE 4 | Walking abilities at baseline, after 24 HAL® training sessions and
follow up 6 weeks later. Ten MWT, 10-meter walk test (A); TUG,
timed-up-and-go (B); 6 MWT, 6-minute walk test (C).

Compared to other HAL® BWSTT studies, we found similar
improvements with ~30-50% for walking speed. The effects
on TUG test were in two patients (#1, #3) smaller; patient #2
clearly improved in TUG test ~30%. Again, we can see different
effects on different types of myopathy. The effects on 6 MWT
were smaller. These results indicate different effects of HAL®-
supported BWSTT on different aspects of gait, too. Ten MWT
mainly reflects walking speed and an efficient sequence of gait
phases whereas TUG test aims on safety, balance and functional
mobility. Six MWT includes cardiopulmonary fitness. Parameter
of pulmonary and cardiac functions were not assessed in this
study. One might speculate only about the possible reason for
the lack of improvement in 6 MWT. A comparison with aerobic
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FIGURE 5 | Berg-Balance Scale (A) and FIM motor part (B) at baseline and
after HAL® training. FIM, functional independence measure.

TABLE 2 | Self-reported training-induced changes of physical fatique, endurance,
muscle strength and walking distance.

Patient Physical Physical Leg muscle Walking
fatique endurance strength distance

#1 0 + 0 0

#2 + +

#3 0 + 0 +

+, improvement; 0, no change; —, worsening.

exercise studies on LGMD patients assessed by Sveen (Sveen
et al., 2007) and Vissing (Vissing et al., 2014) is not available.
Sveen and Vissing used parameters for cardiopulmonary fitness
like Vo, and plasma lactate levels. These parameters were not
collected in our study. Taivassalos’ studies on metabolic and non-
metabolic myopathies using TT assessed different parameters,
too phosphorus magnetic resonance spectroscopy (Taivassalo
et al.,, 1998, 1999). Thus, our study results cannot be compared
with previous studies dealing in this field.

Remarkably, training effects measured with 10 MWT and
TUG persisted for at least 6 weeks. The effect on 6 MWT could
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not be detected at follow-up. The reason for this observation
remains unclear. Maybe a short-time factor like motivation might
play a role. Missing effects on cardiopulmonary functions might
be another reason. Since cardiopulmonary parameters like Vo,
were not revealed, this question remains unanswered.

In order to answer the question whether HAL® training
effects are limited to walking function or can also lead to better
motor and balance functions in daily living, FIM and BBS were
assessed. The results of both parameters were inconsistent and
have to be tested in a larger cohort. The observed score changes
are small and do not exceed the required minimal detectable
change. One might see a tendency for patient #2 in BBS. The
patient also improved in TUG test that includes balance functions
also. So, both values (BBS and TUG test) might be considered as
a concordant result. Patient #2 reported about frequent falls that
reduced after training period for a time. Whether this can be a
systematic result, upcoming studies have to investigate this issue.

This is the first HAL® study specifically focused on patients
with LGMD. Patients with this disease present with proximal
paresis. Because HAL® robot suit supports proximal joints
and muscle groups, these patients might benefit the most from
this therapy. As mentioned above, two single case reports
have been published including one distal and one proximal
pronounced myopathy (Asai et al, 2014; Hasegawa et al,
2015). Like the patient with BMD and proximal pronounced
paresis, all our LGMD patients improved in HAL®-independent
walking parameters. In contrast to this, the OPDM patient’s
walking function did not improve whereas treadmill associated
parameters increased. These two single cases underline that
HAL® training is more effective in patients with proximal
paresis. So, from our point of view, it is necessary to adapt
HAL®-training and take into account the physical condition and
pattern of paresis. Another critical point is the training frequency
and training time. The whole training session lasted about 90
min, the net walking time 30 min. Coming up from our previous
SCI study and to take possible myalgias into account, we reduced
the frequency from 5 times a week to 3 times a week (Aach et al.,
2014; Nilsson et al., 2014). The question which frequency might
be optimal should be tested in upcoming systematic studies.

Considering that these patients suffer from chronic
degenerative and dystrophic myopathy, these results are
encouraging, offering the possibility to use a novel approach of

REFERENCES

Aach, M., Cruciger, O., Sczesny-Kaiser, M., Hoftken, O., Meindl, R.
C., Tegenthoff, M. et al. (2014). Voluntary driven exoskeleton
as a new tool for rehabilitation in chronic spinal cord injury:
a pilot study. Spine J. 14, 2847-2853. doi: 10.1016/j.spinee.2014.
03.042

Ansved, T. (2003). Muscular dystrophies: influence of physical conditioning
on the disease evolution. Curr. Opin. Clin. Nutr. Metab. Care 6, 435-439.
doi: 10.1097/01.mc0.0000078987.18774.d9

Asai, T., Ojima, I, Minami, S., Takeshima, Y., and Matsuo, M. (2014). Gait training
for becker’s muscular dystrophy using robot suit hybrid assistive limb. Phys.
Med. Rehabil. Int. 1, 1-4.

Balke, B. (1963). A simple field test for the assessment of physical fitness. Rep 63-6.
Rep. Civ. Aeromed. Res. Inst. US 6, 1-8.

symptomatic therapy. Even though our study does not allow
conclusions on interference with natural course of LGMD
or potential long-term effects as compared to conventional
physiotherapy, the results are encouraging for upcoming
controlled HAL®-studies in larger groups of patients with
muscular dystrophy. The anatomical or pathophysiological
origins of positive effects on walking functions remain unclear.
Different effects on muscular and neuronal systems can be
discussed but were not investigated in detail in this study.

Instead of our positive results, some limitations should be
discussed. This study is based on only three LGMD patients
without a control group. All patients were ambulatory patients
of our neuromuscular center and are not representative of the
disease with respect to age, gender, and clinical aspect, thus the
findings cannot be generalized to the whole LGMD population.
Specific measurements looking for increased endurance capacity
(lactate, respiratory function, cardiovascular measurements) and
serum CK levels were not collected. In future studies, these
parameters should be implemented.

We can conclude that our study investigating HAL® -assisted
body-weight supported treadmill training in patients with LGMD
showed feasibility and safety. Moreover, for the first time, our
data show that this voluntarily driven exoskeleton can improve
walking functions. With respect to the limited data of three
patients only, it encourages us to undertake further studies with
larger cohorts and different types of LGMD.

AUTHOR CONTRIBUTIONS

MS, RK, O], DG had substantial contributions to the conception
and design of the work, acquired data and analyzed the data,
drafted the work, and finally approved the final version to
be published. MA, AG, MV, TS, and MT participated in the
coordination, the design and drafted the manuscript and made
critical revisions of the manuscript.

ACKNOWLEDGMENTS

We thank Dr. Silke Lissek, Ph.D., for proof reading. We also
thank Professor Yoshiyuki Sankai, CEO of Cyberdyne Inc,
that produces the HAL® exoskeleton. He provided exclusively
technical and advisory support.

Bérard, C., Payan, C., Hodgkinson, I., Fermanian, J., and MFM Collaborative
Study Group (2005). A motor function measure for neuromuscular diseases.
Construction and validation study. Neuromuscul. Disord 15, 463-470.
doi: 10.1016/j.nmd.2005.03.004

Berg, K. O., Maki, B. E., Williams, J. I, Holliday, P. J., and Wood-Dauphinee, S.
L. (1992). Clinical and laboratory measures of postural balance in an elderly
population. Arch. Phys. Med. Rehabil. 73, 1073-1080.

Blaya, J. A., and Herr, H. (2004). Adaptive control of a variable-impedance ankle-
foot orthosis to assist drop-foot gait. IEEE Trans. Neural Syst. Rehabil. Eng. 12,
24-31. doi: 10.1109/TNSRE.2003.823266

Bohannon, R. W., Andrews, A. W., and Thomas, M. W. (1996). Walking speed:
reference values and correlates for older adults. J. Orthop. Sports Phys. Ther. 24,
86-90. doi: 10.2519/jospt.1996.24.2.86

Brockington, M., Blake, D. J., Prandini, P., Brown, S. C., Torelli, S., Benson,
M. A, et al. (2001a). Mutations in the fukutin-related protein gene (FKRP)

Frontiers in Neuroscience | www.frontiersin.org

24

August 2017 | Volume 11 | Article 449


https://doi.org/10.1016/j.spinee.2014.03.042
https://doi.org/10.1097/01.mco.0000078987.18774.d9
https://doi.org/10.1016/j.nmd.2005.03.004
https://doi.org/10.1109/TNSRE.2003.823266
https://doi.org/10.2519/jospt.1996.24.2.86
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Sczesny-Kaiser et al.

HAL Training in LGMD

cause a form of congenital muscular dystrophy with secondary laminin alpha2
deficiency and abnormal glycosylation of alpha-dystroglycan. Am. J. Hum.
Genet. 69, 1198-1209. doi: 10.1086/324412

Brockington, M., Yuva, Y., Prandini, P., Brown, S. C., Torelli, S., Benson, M.
A., et al. (2001b). Mutations in the fukutin-related protein gene (FKRP)
identify limb girdle muscular dystrophy 2I as a milder allelic variant of
congenital muscular dystrophy MDCIC. Hum. Mol. Genet. 10, 2851-2859.
doi: 10.1093/hmg/10.25.2851

Chen, L., Huang, J., Ji, Y., Zhang, X., Wang, P., Deng, K., et al. (2016). Tripartite
motif 32 prevents pathological cardiac hypertrophy. Clin. Sci. 130, 813-828.
doi: 10.1042/CS20150619

Cruciger, O., Tegenthoff, M., Schwenkreis, P., Schildhauer, T. A,
and Aach, M. (2014). Locomotion training using voluntary driven
exoskeleton (HAL) in acute incomplete SCI. Neurology 83, 474-474.
doi: 10.1212/WNL.0000000000000645

da Luz, C. R, Nicastro, H., Zanchi, N. E., Chaves, D. F., and Lancha, A. H. (2011).
Potential therapeutic effects of branched-chain amino acids supplementation
on resistance exercise-based muscle damage in humans. J. Int. Soc. Sports Nutr.
8:23. doi: 10.1186/1550-2783-8-23

Daly, J.J., and Ruff, R. L. (2004). Feasibility of combining multi-channel functional
neuromuscular stimulation with weight-supported treadmill training. J. Neurol.
Sci. 225, 105-115. doi: 10.1016/j.jns.2004.07.006

Daly, J. J., and Ruff, R. L. (2007). Construction of efficacious gait and
upper limb functional interventions based on brain plasticity evidence and
model-based measures for stroke patients. Sci. World J. 7, 2031-2045.
doi: 10.1100/tsw.2007.299

Fanin, M., Nascimbeni, A. C., Fulizio, L., and Angelini, C. (2005). The frequency of
limb girdle muscular dystrophy 2A in northeastern Italy. Neuromuscul. Disord.
15, 218-224. doi: 10.1016/j.nmd.2004.11.003

Grasmiicke, D., Zieriacks, A., Jansen, O., Fisahn, C., Sczesny-Kaiser, M., Wessling,
M, et al. (2017). Against the odds: what to expect in rehabilitation of chronic
spinal cord injury with a neurologically controlled Hybrid Assistive Limb
exoskeleton. A subgroup analysis of 55 patients according to age and lesion
level. Neurosurg. Focus 42:E15. doi: 10.3171/2017.2.FOCUS171

Hasegawa, M., Haga, N., Fujiwara, S., Yokota, K., Nakahara, Y., and Sankai,
Y. (2015). Robotic rehabilitation for a patient with oculopharyngodistal
myopathy. Physiotherapy 101, eS427-e5632. doi: 10.1016/j.physio.2015.03.3352

Heydemann, A. (2016). Severe murine limb-girdle muscular dystrophy type
2C pathology is diminished by FTY720 treatment. Muscle Nerve 1:1314362.
doi: 10.1002/mus.25503

Kawamoto, H., Kamibayashi, K., Nakata, Y., Yamawaki, K., Ariyasu, R., Sankai, Y.,
etal. (2013). Pilot study of locomotion improvement using hybrid assistive limb
in chronic stroke patients. BMC Neurol. 13:141. doi: 10.1186/1471-2377-13-141

Kawamoto, H., Kandone, H., Sakurai, T., Ariyasu, R., Ueno, Y., Eguchi, K,, et al.
(2014). Development of an assist controller with robot suit HAL for hemiplegic
patients using motion data on the unaffected side. Conf. Proc. IEEE Eng. Med.
Biol. Soc. 2014, 3077-3080. doi: 10.1109/EMBC.2014.6944273

Keith, R. A., Granger, C. V., Hamilton, B. B., and Sherwin, F. S. (1987). The
functional independence measure: a new tool for rehabilitation. Adv. Clin.
Rehabil. 1, 6-18.

Kramerova, I., Beckmann, J. S., and Spencer, M. J. (2007a). Molecular and cellular
basis of calpainopathy (limb girdle muscular dystrophy type 2A). Biochim.
Biophys. Acta 1772, 128-144. doi: 10.1016/j.bbadis.2006.07.002

Kramerova, I., Kudryashova, E., Venkatraman, G., and Spencer, M. J. (2007b).
Calpain 3 participates in sarcomere remodeling by acting upstream of
the ubiquitin-proteasome pathway. Hum. Mol. Genet. 16, 1006-1006.
doi: 10.1093/hmg/ddm044

Kubota, S., Nakata, Y., Eguchi, K., Kawamoto, H., Kamibayashi, K., Sakane, M.,
et al. (2013). Feasibility of rehabilitation training with a newly developed
wearable robot for patients with limited mobility. Arch. Phys. Med. Rehabil. 94,
1080-1087. doi: 10.1016/j.apmr.2012.12.020

Lindeman, E., Leffers, P., Spaans, F., Drukker, J., Reulen, J., Kerckhoffs, M., et al.
(1995). Strength training in patients with myotonic dystrophy and hereditary
motor and sensory neuropathy: a randomized clinical trial. Arch. Phys. Med.
Rehabil. 76, 612-620. doi: 10.1016/S0003-9993(95)80629-6

Mercuri, E., Brockington, M., Straub, V., Quijano-Roy, S., Yuva, Y., Herrmann, R.,
et al. (2003). Phenotypic spectrum associated with mutations in the fukutin-
related protein gene. Ann. Neurol. 53, 537-542. doi: 10.1002/ana.10559

Michmizos, K. P., Rossi, S., Castelli, E., Cappa, P., and Krebs, H. L
(2015). Robot-aided neurorehabilitation: a pediatric robot for ankle
rehabilitation. IEEE Trans. Neural Syst. Rehabil. Eng. 23, 1056-1067.
doi: 10.1109/TNSRE.2015.2410773

Narayanaswami, P., Weiss, M., Selcen, D., David, W., Raynor, E., Carter,
G., et al. (2014). Evidence-based guideline summary: diagnosis and
treatment of limb-girdle and distal dystrophies: report of the guideline
development subcommittee of the American Academy of Neurology
and the practice issues review panel of the American Association of
Neuromuscular & Electrodiagnostic Medicine. Neurology 83, 1453-1463.
doi: 10.1212/WNL.0000000000000892

Nigro, V., and Savarese, M. (2014). Genetic basis of limb-girdle muscular
dystrophies: the 2014 update. Acta Myol. 33, 1-12.

Nilsson, A., Vreede, K. S., Higlund, V., Kawamoto, H., Sankai, Y., and Borg,
J. (2014). Gait training early after stroke with a new exoskeleton-the hybrid
assistive limb: a study of safety and feasibility. J. Neuroeng. Rehabil. 11:92.
doi: 10.1186/1743-0003-11-92

Olsen, D. B, @rngreen, M. C,, and Vissing, J. (2005). Aerobic training improves
exercise performance in facioscapulohumeral muscular dystrophy. Neurology
64, 1064-1066. doi: 10.1212/01.WNL.0000150584.45055.27

Ottenbacher, K. J., Hsu, Y., Granger, C. V., and Fiedler, R. C. (1996). The reliability
of the functional independence measure: a quantitative review. Arch. Phys.
Med. Rehabil. 77, 1226-1232. doi: 10.1016/S0003-9993(96)90184-7

Podsiadlo, D., and Richardson, S. (1991). The timed “Up & Go™: a test of basic
functional mobility for frail elderly persons. J. Am. Geriatr. Soc. 39, 142-148.
doi: 10.1111/j.1532-5415.1991.tb01616.x

Pohl, M., Werner, C., Holzgraefe, M., Kroczek, G., Mehrholz, J., Wingendorf, L,
etal. (2007). Repetitive locomotor training and physiotherapy improve walking
and basic activities of daily living after stroke: a single-blind, randomized
multicentre trial (DEutsche GAngtrainerStudie, DEGAS). Clin. Rehabil. 21,
17-27. doi: 10.1177/0269215506071281

Protas, E. J., Holmes, S. A., Qureshy, H., Johnson, A., Lee, D., and Sherwood, A. M.
(2001). Supported treadmill ambulation training after spinal cord injury: a pilot
study. Arch. Phys. Med. Rehabil. 82, 825-831. doi: 10.1053/apmr.2001.23198

Ravaud, J. F., Delcey, M., and Yelnik, A. (1999). Construct validity of the
functional independence measure (FIM): questioning the unidimensionality
of the scale and the “value” of FIM scores. Scand. J. Rehabil. Med. 31, 31-41.
doi: 10.1080/003655099444704

Sczesny-Kaiser, M., Hoffken, O., Aach, M., Cruciger, O., Grasmiicke, D., Meindl,
R, et al. (2015). HAL® exoskeleton training improves walking parameters
and normalizes cortical excitability in primary somatosensory cortex in spinal
cord injury patients. . Neuroeng. Rehabil. 12:68. doi: 10.1186/s12984-015-
0058-9

Siciliano, G., Simoncini, C., Giannotti, S., Zampa, V., Angelini, C., and Ricci,
G. (2015). Muscle exercise in limb girdle muscular dystrophies: pitfall and
advantages. Acta Myol. 34, 3-8.

Srivastava, A., Taly, A. B., Gupta, A., Kumar, S., and Murali, T. (2016). Bodyweight-
supported treadmill training for retraining gait among chronic stroke survivors:
a randomized controlled study. Ann. Phys. Rehabil. Med. 59, 235-241.
doi: 10.1016/j.rehab.2016.01.014

Sveen, M.-L., Andersen, S. P., Ingelsrud, L. H., Blichter, S., Olsen, N. E,,
Jonck, S., et al. (2013). Resistance training in patients with limb-girdle and
becker muscular dystrophies. Muscle Nerve 47, 163-169. doi: 10.1002/mus.
23491

Sveen, M.-L., Jeppesen, T. D., Hauerslev, S., Kober, L., Krag, T. O., and Vissing,
J. (2008). Endurance training improves fitness and strength in patients with
Becker muscular dystrophy. Brain 131, 2824-2831. doi: 10.1093/brain/awn189

Sveen, M.-L., Jeppesen, T. D., Hauerslev, S., Krag, T. O., and Vissing, J.
(2007). Endurance training: an effective and safe treatment for patients
with  LGMD2I. Neurology 68, 59-61. doi: 10.1212/01.wnl.0000250358.
32199.24

Taivassalo, T., De Stefano, N., Argov, Z., Matthews, P. M., Chen, J., Genge, A., et al.
(1998). Effects of aerobic training in patients with mitochondrial myopathies.
Neurology 50, 1055-1060. doi: 10.1212/WNL.50.4.1055

Taivassalo, T. De Stefano, N., Chen, J, Karpati G. Arnold,
D. L, and Argov, Z. (1999). Short-term aerobic training
response in chronic myopathies. Muscle Nerve 22, 1239-1243.

doi: 10.1002/(SICI)1097-4598(199909)22:9<1239::AID-MUS11>3.0.CO;2-W

Frontiers in Neuroscience | www.frontiersin.org

25

August 2017 | Volume 11 | Article 449


https://doi.org/10.1086/324412
https://doi.org/10.1093/hmg/10.25.2851
https://doi.org/10.1042/CS20150619
https://doi.org/10.1212/WNL.0000000000000645
https://doi.org/10.1186/1550-2783-8-23
https://doi.org/10.1016/j.jns.2004.07.006
https://doi.org/10.1100/tsw.2007.299
https://doi.org/10.1016/j.nmd.2004.11.003
https://doi.org/10.3171/2017.2.FOCUS171
https://doi.org/10.1016/j.physio.2015.03.3352
https://doi.org/10.1002/mus.25503
https://doi.org/10.1186/1471-2377-13-141
https://doi.org/10.1109/EMBC.2014.6944273
https://doi.org/10.1016/j.bbadis.2006.07.002
https://doi.org/10.1093/hmg/ddm044
https://doi.org/10.1016/j.apmr.2012.12.020
https://doi.org/10.1016/S0003-9993(95)80629-6
https://doi.org/10.1002/ana.10559
https://doi.org/10.1109/TNSRE.2015.2410773
https://doi.org/10.1212/WNL.0000000000000892
https://doi.org/10.1186/1743-0003-11-92
https://doi.org/10.1212/01.WNL.0000150584.45055.27
https://doi.org/10.1016/S0003-9993(96)90184-7
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1177/0269215506071281
https://doi.org/10.1053/apmr.2001.23198
https://doi.org/10.1080/003655099444704
https://doi.org/10.1186/s12984-015-0058-9
https://doi.org/10.1016/j.rehab.2016.01.014
https://doi.org/10.1002/mus.23491
https://doi.org/10.1093/brain/awn189
https://doi.org/10.1212/01.wnl.0000250358.32199.24
https://doi.org/10.1212/WNL.50.4.1055
https://doi.org/10.1002/(SICI)1097-4598(199909)22:9<1239::AID-MUS11>3.0.CO;2-W
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Sczesny-Kaiser et al.

HAL Training in LGMD

Taveau, M., Bourg, N., Sillon, G., Roudaut, C., Bartoli, M., and Richard, I
(2003). Calpain 3 is activated through autolysis within the active site and
lyses sarcomeric and sarcolemmal components. Mol. Cell. Biol. 23, 9127-9135.
doi: 10.1128/MCB.23.24.9127-9135.2003

Thompson, R., and Straub, V. (2016). Limb-girdle muscular dystrophies -
international collaborations for translational research. Nat. Rev. Neurol. 12,
294-309. doi: 10.1038/nrneurol.2016.35

Trueblood, P. R. (2001). Partial body weight treadmill training in persons with
chronic stroke. Neurorehabilitation 16, 141-153.

Turan, S., Farruggio, A. P., Srifa, W., Day, J. W., and Calos, M. P. (2016). Precise
correction of disease mutations in induced pluripotent stem cells derived
from patients with limb girdle muscular dystrophy. Mol. Ther. 24, 685-696.
doi: 10.1038/mt.2016.40

Visintin, M., and Barbeau, H. (1994). The effects of parallel bars, body
weight support and speed on the modulation of the locomotor pattern of
spastic paretic gait. A preliminary communication. Paraplegia 32, 540-553.
doi: 10.1038/s¢.1994.86

Visintin, M., Barbeau, H., Korner-Bitensky, N., and Mayo, N. E. (1998). A new
approach to retrain gait in stroke patients through body weight support and
treadmill stimulation. Stroke 29, 1122-1128. doi: 10.1161/01.STR.29.6.1122

Vissing, C. R,, Preisler, N., Husu, E., Prahm, K. P., and Vissing, J. (2014). Aerobic
training in patients with anoctamin 5 myopathy and hyperckemia. Muscle
Nerve 50, 119-123. doi: 10.1002/mus.24112

Yoshimoto, T., Shimizu, 1., and Hiroi, Y. (2016). Sustained effects of once-a-
week gait training with hybrid assistive limb for rehabilitation in chronic
stroke: case study. J. Phys. Ther. Sci. 28, 2684-2687. doi: 10.1589/jpts.28.
2684

Conflict of Interest Statement: MS, RK, MA, OJ, DG, AG, MV, and MT declare
that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest. TS reports
personal fees from Cyberdyne, Inc. outside the submitted work.

Copyright © 2017 Sczesny-Kaiser, Kowalewski, Schildhauer, Aach, Jansen,
Grasmiicke, Giittsches, Vorgerd and Tegenthoff. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

26

August 2017 | Volume 11 | Article 449


https://doi.org/10.1128/MCB.23.24.9127-9135.2003
https://doi.org/10.1038/nrneurol.2016.35
https://doi.org/10.1038/mt.2016.40
https://doi.org/10.1038/sc.1994.86
https://doi.org/10.1161/01.STR.29.6.1122
https://doi.org/10.1002/mus.24112
https://doi.org/10.1589/jpts.28.2684
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

'," frontiers

in Neuroscience

ORIGINAL RESEARCH
published: 26 September 2017
doi: 10.3389/fnins.2017.00531

OPEN ACCESS

Edited by:
Daniel P, Ferris,
University of Florida, United States

Reviewed by:

Andrew Sawers,

University of lllinois at Chicago,
United States

Martin Lotze,

University of Greifswald, Germany

*Correspondence:
Christoph Maurer
christoph.maurer@uniklinik-freiburg.de

Specialty section:

This article was submitted to
Neuroprosthetics,

a section of the journal
Frontiers in Neuroscience

Received: 14 July 2017
Accepted: 12 September 2017
Published: 26 September 2017

Citation:

Buettner D, Dalin D, Wiesmeier IK and
Maurer C (2017) Virtual Balancing for
Studying and Training Postural
Control. Front. Neurosci. 11:531.

doi: 10.3389/fnins.2017.00531

Check for
updates

Virtual Balancing for Studying and
Training Postural Control

Daniela Buettner, Daniela Dalin, Isabella K. Wiesmeier and Christoph Maurer*

Department of Neurology and Neurophysiology, University Hospital Freiburg, Medical Faculty, Freiburg, Germany

Postural control during free stance has been frequently interpreted in terms of balancing
an inverted pendulum. This even holds, if subjects do not balance their own, but an
external body weight. We introduce here a virtual balancing apparatus, which produces
torque in the ankle joint as a function of ankle angle resembling the gravity and inertial
effects of free standing. As a first aim of this study, we systematically modified gravity,
damping, and inertia to examine its effect on postural control beyond the physical
constraints given in the real world. As a second aim, we compared virtual balancing
to free stance to test its suitability for balance training in patients who are not able
to balance their full body weight due to certain medical conditions. In a feasibility
study, we analyzed postural control during free stance and virtual balancing in 15
healthy subjects. Postural control was characterized by spontaneous sway measures
and measures of perturbed stance. During free stance, perturbations were induced by
pseudorandom anterior-posterior tilts of the body support surface. In the virtual balancing
task, we systematically varied the anterior-posterior position of the foot plate where
the balancing forces are zero following a similar pseudorandom stimulus profile. We
found that subjects’ behavior during virtual balancing resembles free stance on a tilting
platform. This specifically holds for the profile of body excursions as a function of stimulus
frequencies. Moreover, non-linearity between stimulus and response amplitude is similar
in free and virtual balancing. The overall larger stimulus induced body excursions together
with an altered phase behavior between stimulus and response could be in part explained
by the limited use of vestibular and visual feedback in our experimental setting. Varying
gravity or damping significantly affected postural behavior. Inertia as an isolated factor
had a mild effect on the response functions. We conclude that virtual balancing may
be well suited to simulate conditions which could otherwise only be realized in space
experiments or during parabolic flights. Further studies are needed to examine patients’
potential benefit of virtual balance training.

Keywords: virtual, postural control, balancing, inverted pendulum, model

INTRODUCTION

Free stance is controlled by the central nervous system (CNS) using sensory signals derived from
visual, vestibular and proprioceptive afferent information (Dichgans et al., 1976; Lestienne et al.,
1976; Nashner and Berthoz, 1978; Freyler et al., 2014; Ritzmann et al., 2015). Stabilization of the
center of mass of the human body resembles balancing an inverted pendulum (Ritzmann et al.,
2015). Muscle forces are used to provide an appropriate torque (Dichgans et al., 1976), which
counteracts gravitational and inertial forces.

Frontiers in Neuroscience | www.frontiersin.org 27

September 2017 | Volume 11 | Article 531


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
https://doi.org/10.3389/fnins.2017.00531
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00531&domain=pdf&date_stamp=2017-09-26
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:christoph.maurer@uniklinik-freiburg.de
https://doi.org/10.3389/fnins.2017.00531
http://journal.frontiersin.org/article/10.3389/fnins.2017.00531/abstract
http://loop.frontiersin.org/people/192616/overview
http://loop.frontiersin.org/people/239760/overview
http://loop.frontiersin.org/people/191690/overview

Buettner et al.

Balancing a Virtual Body

The ability to stand freely is often characterized by analyzing
spontaneous sway (Prieto et al, 1996; Qu et al, 2009).
Spontaneous sway reflects the small fluctuations of body position
during standing. These fluctuations show similar patterns in
free stance as well as when balancing an external weight
through a moveable platform (Fitzpatrick et al., 1992; Fitzpatrick
and McCloskey, 1994; Loram and Lakie, 2002). The similarity
covers many features of spontaneous sway, like, e.g., amplitude,
velocity, and major frequency content. The diagnostic value
of spontaneous sway for evaluating stance behavior has been
repeatedly questioned. In contrast, studying postural reactions to
external perturbations seem to provide a deeper inside into the
mechanisms of stance (Peterka, 2002; Maurer and Peterka, 2005;
Masani et al., 2006; Lockhart and Ting, 2007; Welch and Ting,
2009; Vette et al., 2010; Davidson et al., 2011; van der Kooij and
Peterka, 2011; Nishihori et al., 2012; Engelhart et al., 2014; Pasma
et al.,, 2014). However, whether postural reactions subsequent
to external perturbations are similar between free standing and
balancing an external weight, is unknown as yet.

The virtual balance paradigm introduced here allows for
analyzing both, spontaneous fluctuations and motor reactions
to external perturbations. Instead of a physical weight which is
balanced through a foot plate, we simulated balancing a weight
through a foot plate by measuring the platform to body position,
i.e., the ankle joint angle, and calculating the appropriate torque
signal, which is then fed back into the system as an ankle torque.
We hypothesize that free standing postural reactions could be
well mimicked by a virtual balance paradigm after optimizing
control parameters.

An important feature of the virtual balance paradigm relates
to the nearly free choice of gravitational load, body inertia, and
joint damping. From literature, it is well known that postural
control is load-dependent (Freyler et al., 2014; Ritzmann et al.,
2015). Earlier studies dealing with over- and under-loading were
performed with astronauts in space (Layne et al., 2001; Loomer,
2001; di Prampero and Narici, 2003), in free fall conditions
(Nomura et al., 2001; Miyoshi et al., 2003), with partial weight-
bearing (Ali and Sabbahi, 2000; Phadke et al., 2006; Hwang
et al.,, 2011; Freyler et al., 2014), under hypergravity (Miyoshi
et al, 2003), with extra weight (Dietz et al., 1989; Ali and
Sabbahi, 2000), or using water buoyancy (Dietz et al., 1989;
Nakazawa et al., 2004). It has been demonstrated that load
variation is associated with changes in angle torque (Mergner
and Rosemeier, 1998; Nakazawa et al., 2004), in the use of
somatosensory signals (Paloski et al., 1993; Bloomberg et al.,
1997; Layne et al., 2001), and changes in neuromuscular activity
(Dietz et al., 1989; Avela et al., 1994; Ali and Sabbahi, 2000;
Poyhonen and Avela, 2002). However, despite the substantial
amount of load-related articles, the underlying neuromuscular
mechanisms and functional consequences for balance control are
poorly understood.

The paradigm of modifying gravitational load and inertia
seems to be particularly helpful in patients who are not capable of
supporting their own body weight, e.g., due to trauma or muscle
weakness. It is well known that neural mechanisms employed
to perform balancing are different from those used to, e.g.,
apply ankle torque against an external resistance, including the

different sensory perceptions (Fitzpatrick and McCloskey, 1994).
Here, we aimed to examine the individual effects of gravity,
damping and inertia on postural control that could otherwise
only be realized in space experiments or during parabolic flights.
Moreover, we aimed at comparing virtual balancing with free
stance to investigate its similarity and suitability for balance
training in patients who are not able to balance their full body
weight and/ or are prone to falls. Finally, virtual balancing may
allow for adapting gravitational load and inertia to patients’
needs.

MATERIALS AND METHODS

In this feasibility study, subjects were tested by recording
spontaneous sway, as well as motor reactions to external
perturbations during free stance, and, in addition, using a virtual
balance apparatus.

Subjects

We measured postural control of 15 young people (9 female,
6 male, 23.8 years + 2.14 [mean age £ SD]). We excluded
people suffering from any disease that may interact with postural
control. For that, each subject was carefully examined for intact
vestibular and proprioceptive function. Further exclusion criteria
included any acute or chronic disease that may influence the
general condition of health. Anthropometric data of subjects are
given in Table 1.

Procedures during Free Standing

Spontaneous sway and perturbed stance were assessed on a
custom-built motion platform (Figure 1A). Subjects were told
to stand upright in a relaxed position. For safety reasons and

TABLE 1 | Anthropometric data of subjects.

Subject Height (cm) Weight (kg) BMI (kg/mz)
1 172 57 19.3
2 180 71 21.9
3 174 73 24.1
4 174 70 23.1
5 173 68 22.7
6 183 70 20.9
7 197 76 19.6
8 182 80 24.2
9 180 70 21.6
10 158 58 23.2
11 160 45 17.6
12 160 51 19.9
13 157 48 19.5
14 163 55 20.7
15 164 71 26.4
Mean value + SD 171.8 £ 11.06 64.2 £ 9.77 21.7 £2.23

9 female, 6 male; SD, standard deviation; BMI, body mass index; cm, centimeter;
kg, kilogram; m, meter.
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FIGURE 1 | Experimental setup. (A) Custom-built motion platform for measurements of spontaneous sway and perturbed stance. Angular excursions of the body and
the platform were quantified with an optoelectronic camera system. (B) Example of a PRTS (pseudorandom ternary sequence) stimulus profile (black line) yielding to
anterior-posterior rotational tilts of the platform with 1° peak-to-peak stimulus amplitude together with a healthy subject’s postural reaction in terms of lower body
excursion (red dotted line). (C) Custom-made platform for virtual balancing. Subjects were lying in an inclined position with their feet positioned on a tilting balance
board. They moved their feet in the ankle joint in order to control the balance board. (D) Potentiometers and torque sensors measured position as well as torque of the
balance board with respect to the body. Measured board tilts were transferred online into board torque commands using the real time simulation toolbox of
Simulink/Matlab, running on a PC. The ankle angle-to-torque transformation followed the characteristics of an inverted pendulum body, including virtual gravity (mgh),
inertia (J) and damping. Board torque commands were fed back to the board via a torque controlled electric motor. External perturbations, i.e., PRTS stimuli, were
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to prevent falls, the experimental setup included ropes that were
fixed to the ceiling at a position which was about 30 cm in forward
direction with respect to the foot position of the subjects. At the
lower end of the ropes, there were two small wooden handles
attached to the rope. The handles did not serve as a reference,
because the subjects held them freely. Since they were attached
via the loosely dangling ropes to the ceiling, they were meant
to serve as a replacement for a body harness. If a subject felt
unsafe, he/ she could have lowered the handles to put tension
on the ropes. However, this event did not happen during the
experiments. None of the subjects used the ropes to prevent falls.
Subjects performed 2 trials of spontaneous sway and 8 trials of
perturbed stance, each with eyes open and eyes closed. One trial
lasted 1 min; between trials, a short break of about 10 s was taken.

We recorded center-of-pressure (COP) sway paths and 3-D
angular positions of the body. The COP sway path was measured
with the help of a force transducing platform (Kistler platform
type 9286, Winterthur, Switzerland). 3-D angular excursions of

the body (hip-to-ankle, shoulder-to-hip) were detected using an
optoelectronic device with markers attached to shoulder and hip
(Optotrak 3020, Waterloo, Canada). Each marker consisted of
three light-emitting diodes fixed to a rigid triangle. Optotrak®
and Kistler® output signals as well as the stimulus signals
recorded with software programmed in LabView® (National
Instruments, Austin, Texas, USA). COM height above the ankle
joints was calculated according to tables from Winter (1995)
using the measured heights of hip and shoulder markers. A
detailed description of the experimental setup has been published
previously (e.g., Wiesmeier et al., 2015).

External perturbations consisted of rotational platform tilts
in the sagittal plane with the tilt axis passing through subject’s
ankle joints. Stimulus profiles followed a pseudorandom signal
(PRTS, pseudorandom ternary sequence, see Figure 1B) using
two different peak-to-peak amplitudes (0.5° and 1°). Postural
reactions were evaluated at certain frequencies (0.05, 0.15,
0.3, 0.4, 0.55, 0.7, 0.9, 1.1, 1.35, 1.75, and 2.2 Hz), leading
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to specific transfer functions between stimulus and postural
reactions.

Procedures during Virtual Balancing

Virtual balancing was performed on a newly developed, custom-
made platform. Subjects were lying in an inclined position with
their feet positioned on a tilting board (Figure 1C). In this
experimental setting, subjects did not move their own body.
They solely moved their feet in the ankle joint in order to
control the moveable balance board (Figure 1D). We measured
position as well as torque of the balance board with respect to
the body using potentiometers and torque sensors. The balance
board was programed in such a way that its anterior-posterior
torque was derived from its position. Similar to the gravitational
effect in a free standing task, the virtual gravitational torque
had a zero point at a board position orthogonal to the body
vertical direction. Increasing board angles were accompanied
by increasing torques away from the zero position, resembling
unstable equilibrium. The inertial force was mimicked through
an additional torque which was directed counter to the
board acceleration. Damping was implemented by applying a
counter-torque based on board velocity. Virtual gravity, inertia
and damping were calculated with a compiled version of a
Simulink/MATLAB® model (The MathWorks Inc., Natick, MA,
USA) using the real-time simulation mode. Measured board tilts
were transferred online into board torque commands, which
were then fed back to the board via torque controlled electric
motors. This condition resembled free standing on firm ground
and produced spontaneous sway.

In the virtual external perturbation condition, we used a
stimulus profile similar to free standing (PRTS, see above). This
signal directly modified the zero-position of the equilibrium.
The stimulus produced an additional torque. For example, if
we aimed to simulate a one degree tilt of the platform during
free standing, we added a torque with a size exactly resembling
the gravitational torque of a one degree inclination from space
vertical of a human body. Subjects tended to correct for this
torque offset by moving the platform until a new equilibrium
with minimal torque was found. This behavior is related to the
free standing behavior on a tilting platform, where a platform tilt
leads to a correction of the ankle angle until the body is close to
vertical in space again, thereby minimizing gravitational torque.

Subjects were instructed to comfortably lean on the inclined
backboard and fold their arms. We assured that no relevant
body movements were elicited other than subjects’ ankle
joint movements controlling the balance board. Subjects were
instructed to continuously balance the moveable platform and
find the equilibrium point in a playful manner rather than
to massively co-contract in order to block the platform in a
certain position. Subjects were presented with 5 trials for practice.
Subsequently, we systematically varied gravitational force of the
virtual body (10, 20, and 40% of subjects’ own body weight),
inertial force (5, 10, and 20% of subjects’ own body inertia),
damping (5 and 10% of the gravitational force), and external
perturbation (relating to 0, 0.25°, 0.5°, and 1° peak to peak
body inclination, with respect to subjects’ body metrics). The
experimental protocol consisted of 3 X 3 X 2 x 4 =72 trialsin a

randomized order. Each trial started with a 10 s period, where the
torque with respect to the board position was ramping up to allow
subjects for finding their equilibrium point. The duration and
the stimulus profile of the subsequent measuring period closely
resembled the trials during free standing.

Data Analyses

Data analysis was performed oft-line with custom-made software
programmed in MATLAB® (The MathWorks Inc., Natick, MA,
USA). From upper body, lower body and center of pressure
excursions in the free standing condition and board tilts in the
virtual balancing condition, we calculated Root Mean Square
(sway amplitude, RMS) and Mean velocity (sway velocity, MV)
for characterizing spontaneous sway. Transfer functions from
stimulus-response data were calculated by a discrete Fourier
transform. Fourier coeflicients of stimulus and response time
series are used to determine GAIN and PHASE with respect
to stimulus frequencies. GAIN (response sensitivity) shows the
amplitude relationship between the external perturbation and the
postural reaction (body angle during free standing, board angle
during virtual balancing). PHASE is the relative delay between
the stimulus and the reaction of the body.

Statistical analyses were performed using Microsoft Excel
and statistic programs (JMP® and Statview by SAS Institute
Inc., Cary, NC, USA). After testing normal distribution and
homogeneity of variances with the Kolmogorov-Smirnov test,
we used parametric methods for further analyses. Due to the
expected dependency between the outcome measures within
the balance tasks (real stance vs. virtual balancing), statistical
significance was tested by an analysis of variance (ANOVA). The
within-subjects factors for free spontaneous sway were visual
condition, sway direction, and body segment (hip, shoulder).
For perturbed stance, the within-subjects factors were visual
condition, stimulus amplitude, stimulus frequency, and body
segment (hip, shoulder). For the virtual balancing task, the
within-subjects factors were gravity, damping, inertia, and
stimulus amplitude. The level of statistical significance was set at
p=0.05.

The study was performed according to the ethical standards
of the Declaration of Helsinki. It was approved by the ethics
committee of the Medical Center of the University of Freiburg.
All subjects gave their written informed consent prior to study
participation.

RESULTS

Spontaneous Sway

Generally, the Root Mean Square (sway amplitude, RMS) of
virtual balancing (3.15 cm) was significantly larger than the RMS
of free stance (0.47 cm, eyes open). Moreover, the RMS during
virtual balancing significantly depended on gravity (3.15 cm with
a gravity effect of 40% vs. 2.80 cm with a gravity effect of 20% and
1.37 cm with 10%; F = 23.04, p < 0.0001, Figure 2A). In contrast,
inertia and damping did not affect RMS. As with RMS, Mean
Velocity (sway velocity, MV) of virtual balancing (5.39 cm/s) was
significantly larger than the MV of free stance (0.43 cm/s; eyes
open) and significantly depended on gravity (5.39 cm/s with a
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FIGURE 2 | Spontaneous sway during virtual balancing. (A) Root Mean Square (RMS) and (B) Mean Velocity (MV) as a function of the amount of virtual gravity.

gravity effect of 40% vs. 4.12 cm/s with a gravity effect of 20% and
3.84 cm/s with 10%; F = 5.09, p = 0.0068, Figure 2B). Inertia and
Damping did not significantly affect MV.

Externally Perturbed Stance

The GAIN across all parameter settings and frequencies
during virtual balancing (1.92, Figure 3A) was slightly larger
than the GAIN of free stance (1.74, eyes open, Figure 3B).
However, the difference between the two experimental sets was
much smaller than that for spontaneous sway. The frequency
influenced GAIN significantly during virtual balancing (F = 19.2,
p < 0.001). Both virtual balancing and free stance showed
the largest GAIN (>3.5) between a frequency of 0.15-0.55 Hz.
With increasing frequency, GAIN values decreased. Interactions
of stimulus amplitude and GAIN during virtual balancing
(2.81 with 0.125 Nm and 1.92 with 0.5 Nm) and free
stance (2 with 0.5° and 1.73 with 1°) were similar and
indicated a non-linearity between stimulus amplitude and GAIN
(Figure 4A virtual balancing, Figure4B free stance). In the
frequency-response curve the Phase showed a similar behavior
during virtual balancing and free stance. Low frequencies
induced low delay of phase while high frequencies induced a
large delay of phase (Figure 3C virtual balancing, Figure 3D
free stance). The coherence across all effects was slightly
larger during virtual balancing (1.0) than during free stance
(0.79).

Dependence of Motor Behavior from
Gravity, Damping, Inertia, and Stimulus
Amplitude

Stimulus amplitude, virtual gravity, and virtual damping
significantly interacted with GAIN of the transfer function.
Stimulus amplitudes were inversely correlated with GAIN
(F=7.98, p=0.0003, Figure 4A). The largest stimulus (0.5 Nm)
induced the least GAIN (1.92 vs. 2.26 with 0.25 Nm and 2.81

with 0.125 Nm). In contrast, the virtual gravitational force was
directly correlated with GAIN (F = 15.7, p < 0.0001, Figure 4C).
GAIN with a gravity of 40% (4.02) was larger than the GAIN
with a gravity of 20% (3.16) and the GAIN with a gravity of 10%
(2.81). A larger amount of damping [10%] diminished the GAIN
(3.33; vs. 2.81 with smaller damping [5%]; F = 7.64, p = 0.0057,
Figure 4D). Virtual inertia did not affect GAIN in a significant
way (F = 2.86, p = 0.058).

All parameters, except from damping (F = 1.85; p = 0.1733),
significantly interacted with PHASE of the transfer function.
There was no linearity between PHASE and gravity (6.64° with
gravity 0.4; 32.15° with gravity 0.2 and 13.87° with gravity 0.1;
F = 521, p = 0.0055) and inertia (16.44° with 0.0003; —4.70°
with 0.00015 and 13.87 with 0.000075; F = 3.40, p = 0.0184).
In contrast the largest stimulus (0.5 Nm) induced the largest
PHASE (69.56°) vs. 43.56° with 0.25 Nm and 13.87° with 0.125
Nm (F = 23.4; p < 0.0001, Figure 4E).

When adjusting stimulus amplitude, virtual gravity, virtual
damping, and virtual inertia, to optimally resemble postural
reactions of free standing, we isolated a parameter set of a large
stimulus amplitude, low gravity and large damping values.

Individual Perception

Subjects valued each stimulus in terms of how much it resembles
free standing. A scale 0 (close resemblance), 1 (indifferent), 2
(no resemblance) was given. Both stimulus amplitude and gravity
significantly influenced the perception of resemblance to free
standing (stimulus amplitude: F = 56.0, p < 0.0001, gravity:
F = 31.44, p < 0.0001). The smaller a stimulus the higher the
resemblance to free standing (0.13 with 0 Nm, 0.23 with 0.125
Nm, 0.44 with 0.25 Nm and 0.85 with 0.5 Nm). Interactions of
gravity and resemblance to free standing during virtual balancing
were proportional (0.13 with 0.1 cm/s, 0.3 with 0.2 cm/s and 0.54
with 0.4 cm/s;). Damping and inertia did not influence perception
to a significant degree.
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DISCUSSION

We introduced here a virtual balancing paradigm, which
calculates and delivers ankle torque in a real-time fashion.
The applied torque directly depends on ankle angle position,
velocity, and acceleration in a way that it resembles gravity and
inertial effects of free standing. Balancing an external weight
as a substitute for the own body has been evaluated before
(Fitzpatrick and McCloskey, 1994; Loram and Lakie, 2002). Here,
subjects did not balance themselves, or an external physical
weight, but instead a virtual mass that was adapted to the
biomechanical characteristics of the subjects in terms of body
height and weight. By using the virtual balancing task, we
were able to systematically and independently modify gravity,
damping, and inertia, which are usually linked together in the
real world. This enabled us to study their individual effects on
postural control. Moreover, the modification of gravity, damping,
and inertia may be used to train patients who are not able to
stabilize their own body. First, we evaluated the effects of gravity,

damping, and inertia on postural control. This will be presented
in the following paragraphs. As a second aim, we compared
virtual balancing to free stance to test its similarity and suitability
for balance training in patients who are not able to balance
their full body weight due to certain medical conditions. We will
discuss that thereafter.

Spontaneous sway parameters clearly depended on virtual
gravity. Sway amplitude (RMS) as well as sway velocity (MV)
increased with increasing virtual gravity. These findings nicely
reproduce results from Ritzmann et al. (2015), where overloading
increased, and underloading decreased, postural sway amplitudes
and frequencies. This was interpreted in part by a predominance
of the ankle strategy as compared to hip strategy to organize
postural control with increasing loads (Dietz et al, 1980).
However, our experimental setup excluded any hip strategy. Any
postural control effort was applied through the ankles. Another
more simple explanation would relate to the positive correlation
between ankle joint torques and gravity. As with any passive,
spring-like stabilizing mechanism, increasing torque would lead
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to increasing body excursions. As a partial compensation,
rapid strong reflex-induced postural reactions in distal muscles
(Masani et al., 2013), and co-contraction (Bruhn et al., 2004;
Hortobagyi et al., 2009; Nagai et al, 2011; Sayenko et al.,
2012) may contribute to the frequency rise. Varying inertia and
damping did not affect sway amplitude or velocity to a significant
degree.

The relative size of postural reactions as a function of
anterior-posterior platform tilts, exemplified by GAIN, positively
correlated with the amount of gravity applied. This is again in line
with the larger ankle torque leading to larger body excursions,
as mentioned in the previous paragraph (Ritzmann et al., 2015).
Damping worked as a velocity-related resistance against the
movement of the foot plate. This behavior reduces excursions just
like ankle rigidity would do. Consequently, increasing damping
reduced GAIN. The effect of inertia on GAIN did not reach
statistical significance. That may be, in part, due to the low values
of the imposed inertia effect which was related to the technical
feasibility. Because we technically had to feed back the second
derivative (acceleration) of the platform position as a force signal,
this signal contained a large degree of high frequency noise,
which limited the stability of the whole platform system. Higher
acceleration gains led to platform oscillations that were perceived
by the subject and might have been able to bias the outcome.
The stimulus size determined the GAIN in terms of a negative
correlation. The larger the stimulus size the lower the relative
postural reactions. This closely resembles the relationships in free
standing on a moving platform (Peterka, 2002; Engelhart et al.,
2014). The temporal relationship between stimulus and response
as represented by PHASE, varied across stimulus conditions.
However, the amount of the effects was small. Apart from the
effect of stimulus amplitude, mean PHASE shifts varied between
4° and 32°. Stimulus amplitude positively correlated with PHASE
with a range from 14° to 70°. This may be due to the change of
postural strategy with larger stimuli, as, again, is also seen in free
standing, and reported below.

In general, the virtual balance task presented here bear
resemblance to free standing. Spontaneous sway measures such
as sway amplitude (RMS) or sway velocity (MV) were larger in
the virtual balance task. On a first look, the frequency distribution
of postural reactions seemed to be similar. The similarity covers
the GAIN dependency on stimulus frequency with a maximum
GAIN around 0.3 Hz in both virtual balancing and free stance:
With increasing frequency GAIN values decreased in both cases.
Moreover, the non-linearity of postural responses as a function
of stimulus size in terms of a GAIN reduction with larger
stimulus sizes was similar. PHASE curves were similar in that low
stimulus frequencies induced a small PHASE delay while high
frequencies induced a large PHASE delay. Finally, the measure
for reproducibility of the postural response, i.e., coherence, was
similar.

In more detail, GAIN values of virtual balancing where larger
than those of free stance and PHASE values of virtual balancing
display a flattened profile as a function of frequency. Spontaneous
sway and perturbed stance features of virtual balancing resemble
abnormalities of vestibular loss patients (Maurer et al., 2006;
Goodworth and Peterka, 2010). In fact, space cues (i.e., visual

and vestibular feedback) are limited in the virtual balancing
task due to the experimental setting. As the body is leaning
against the backboard, the vestibular and visual systems sense
zero movement, while the proprioceptive system detects the
ankle angle representing the virtual body orientation. As such,
vestibular and visual systems do not contribute to virtual
balancing, which may impair an even closer resemblance to free
standing. In future experiments, we will add visual contributions
by displaying a virtual visual background according to the
virtual body movements. Another limitation for the comparison
between real stance and virtual balancing might have been that
subjects’ sway during real stance could have been affected by
intermittent touch of the safety ropes which, in principle, have the
potential to reduce sway as an additional space reference (Wing
et al., 2011). Therefore, we aimed to avoid in our experimental
setup that ropes ever touch the subject. The ropes, which served
as a replacement for a body harness, were fixed to the ceiling
at about 30 cm in forward direction with respect to the foot
position of the subjects. We monitored the subjects during the
experiments and touch did not occur.

When comparing our results during unperturbed and
perturbed free stance to own earlier studies and to the literature
(Prieto et al., 1996; Peterka, 2002; Maurer and Peterka, 2005;
Maurer et al., 2006; Goodworth and Peterka, 2010; van der Kooij
and Peterka, 2011; Engelhart et al., 2014; Wiesmeier et al., 2015)
we did not find any major differences.

When adjusting the parameters of virtual balancing, i.e.,
stimulus amplitude, virtual gravity, virtual damping, and virtual
inertia, to optimally resemble transfer functions of postural
reactions of free standing, we found a large stimulus amplitude,
low gravity and large damping values. However, our subjects
felt maximal resemblance between virtual balancing and free
standing at low stimulus amplitude, low gravity, and without any
damping and inertia.

This discrepancy may, again, point to additional differences
in the experimental settings of virtual vs. free balancing. During
virtual balancing, subjects did not move their own body. Possible
postural reactions were confined to the ankle joint. Even if the
major postural reactions originate from the ankle joint in free
standing, (Horak et al., 1989), the hip joint usually contributes
to postural reactions, especially in the high frequency range. The
virtual balancing task may, therefore, still elicit certain changes in
the balancing strategy. Moreover, discrepancies between virtual
balancing and free standing might be explained by the absence of
space cues (see above).

Patients’ benefit of virtual balancing may rely on the
potentially increased mobility in a reduced gravity environment.
Moreover, balancing could be trained without the threat to fall.
Patient groups, who may benefit from such training, may include
those who are not able to support their complete body weight
like, e.g., hemiparetic/paraparetic patients or patients suffering
from axial fractures. In this study we were able to show the
feasibility of a virtual balancing paradigm. In a future version,
the apparatus could be integrated into boots and may act as an
exoskeleton around the ankle angle. The main purpose of such
a training prosthesis is to rehearse balance, which is the major
prerequisite for free walking. Further studies are needed to show
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that practicing virtual balance affects free stance, and to evaluate
which patients may benefit from such a training.
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Voluntary Ambulation by Upper
Limb-Triggered HAL® in Patients with
Complete Quadri/Paraplegia Due to
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Yukiyo Shimizu™, Hideki Kadone?, Shigeki Kubota?®, Kenji Suzuki®, Tetsuya Abe?®,
Tomoyuki Ueno', Yuichiro Soma’, Yoshiyuki Sankai*, Yasushi Hada' and
Masashi Yamazaki®

" Department of Rehabilitation Medicine, University of Tsukuba Hospital, Tsukuba, Japan, ? Center for Innovative Medicine
and Engineering, University of Tsukuba Hospital, Tsukuba, Japan, ° Division of Regenerative Medicine for Musculoskeletal
System, Faculty of Medicine, University of Tsukuba, Tsukuba, Japan, * Center for Cybernics Research, University of Tsukuba,
Tsukuba, Japan, ® Department of Orthopaedic Surgery, Faculty of Medicine, University of Tsukuba, Tsukuba, Japan

Patients with complete paraplegia after spinal cord injury (SCI) are unable to stand or walk
on their own. Standing exercise decreases the risk of decubitus ulcers, osteoporosis,
and joint deformities in patients with SCI. Conventional gait training for complete
paraplegia requires excessive upper limb usage for weight bearing and is difficult in
cases of complete quadriplegia. The purpose of this study was to describe voluntary
ambulation triggered by upper limb activity using the Hybrid Assistive Limb® (HAL) in
patients with complete quadri/paraplegia after chronic SCI. Four patients (3 men, 1
woman) were enrolled in this study. The mean patient age + standard deviation was
37.2 + 17.8 (range, 20-67) years. Clinical evaluation before intervention revealed the
following findings: case 1, neurological level C6, American Spinal Cord Injury Association
impairment scale (AIS) grade B; case 2, T6, AIS A; case 3, T10 AIS A; and case 4,
T11, AIS A. The HAL intervention consisted of 10 sessions. Each HAL session lasted
60-90 min. The HAL electrodes for hip and knee flexion-extension were placed on the
anterior and posterior sides of the upper limbs contralaterally corresponding to each of
the lower limbs. Surface electromyography (EMG) was used to evaluate muscle activity
of the tensor fascia lata and quadriceps femoris (Quad) in synchronization with a Vicon
motion capture system. The modified Ashworth scale (mAs) score was also evaluated
before and after each session. All participants completed all 10 sessions. Cases 1, 2,
and 3 demonstrated significant decreases in mAs score after the sessions compared
to pre-session measurements. In all cases, EMG before the intervention showed no
apparent activation in either Quad. However, gait phase dependent activity of the lower
limb muscles was seen during voluntarily triggered ambulation driven by upper limb
muscle activities. In cases 3 and 4, active contraction in both Quads was observed after
intervention. These findings suggest that upper-limb-triggered HAL ambulation is a safe
and feasible option for rehabilitation in patients with complete quadri/paraplegia caused
by chronic SCI.

Keywords: chronic spinal cord injury, complete quadriplegia or paraplegia, gait analysis, rehabilitation, upper and
lower limb coordination, hybrid Assistive Limb®
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INTRODUCTION

Patients with complete paraplegia after spinal cord injury (SCI)
are unable to stand or walk on their own. Standing exercise
for patients with SCI decreases decubitus ulcers, osteoporosis,
hip joint flexion, and adduction deformities and improves the
performance of the cardiovascular and digestive systems (Karimi,
2011). Conventional gait training using orthoses for complete
paraplegia requires locking of the knee joint in an extended
position as well as excessive upper limb usage for weight
bearing (Karimi, 2011), and it is difficult in cases of complete
quadriplegia.

Robotic devices have recently been used in clinical settings for
patients with chronic SCI. Exoskeleton robotic devices employed
with a treadmill, such as the Lokomat (Hocoma, Switzerland)
(Colombo et al., 2000) and LOPES (Veneman et al., 2007) and
powered exoskeleton devices, such as the ReWalk (Robotics,
Israel) (Miller et al., 2016), have angular sensors in the joints and
pelvis as well as foot force pressure sensors. However, they have
no sensors to detect the neuromuscular activation of the user.

In sensing a user’s neuromuscular activation, our research
has focused on another exoskeleton robot, the Hybrid Assistive
Limb® (HAL, Cyberdyne Inc., Ibaraki, Japan). HAL is a wearable
robot suit that assists the user in voluntary control of knee and
hip joint motion by detecting signals from force/pressure sensors
in the shoes or even very weak bioelectric signals on the skin
surface. Power units on the bilateral hip and knee joints are
comprised of angular sensors and actuators, and the control
system consists of a cybernic voluntary control (CVC) mode,
cybernic autonomous control (CAC) subsystem (Kawamoto and
Sankai, 2005), and cybernic impedance control (CIC) mode. The
HAL suit has a unique operating system, with a hybrid control
system that includes the CVC, CAC, and CIC modes. The CAC
mode can automatically move a user’s leg using signals from the
force-pressure sensors (Ikumi et al., 2017). The CVC mode can
support the user’s voluntary motion by providing assistive torque
to each joint according to their voluntary muscle activity. The
CIC mode can adjust to the user’s motion while compensating
for HALs weight and joint viscosity.

Gait training with the HAL has been reported to improve
gait ability in patients with chronic stroke (Kawamoto et al.,
2013; Nilsson et al., 2014; Wall et al., 2015), chronic SCI (Aach
et al., 2014; Sczesny-Kaiser et al., 2015; Wall et al., 2015; Ikumi
et al.,, 2017; Shimizu et al., 2017b), and postoperative thoracic
ossification of the posterior longitudinal ligament (Sakakima
et al., 2013; Kubota et al., 2016, 2017; Fujii et al., 2017) in terms
of gait speed, step length, and clinical functional evaluation.

We previously evaluated the application of HAL for single
joints in a patient with complete C4 quadriplegia in order
to restore elbow joint flexion using residual trapezius muscle
activation. We found that the use of HAL that associated the
residual muscle contraction to the elbow joint movement might
activate the paralyzed muscle (Shimizu et al., 2017a).

We focused on remaining muscle activity in the upper limb
in complete paraplegia. Previous studies have reported neural
coupling of the upper and lower limbs in humans (Zehr and
Duysens, 2004; Dietz, 2011; La Scaleia et al., 2014; Sylos-Labini

et al,, 2014). Arm-leg coordination was reported to be useful for
gait assistive technology (Hassan et al., 2014; La Scaleia et al.,
2014). Therefore, we concentrated on the structural analogy and
symmetric motion of the shoulder and hip during gait. The lower
extremities move synchronously and almost simultaneously with
the contralateral upper extremities during natural locomotion. As
we flex a shoulder, the contralateral hip flexes; and at the same
time the other shoulder extends, with contralateral hip extension.

We hypothesized that triggering lower limb motion by upper
limb muscle activity using HAL was feasible for the voluntary
generation of gait composed of voluntarily driven hip and knee
joint motions, in people with chronic SCI leading to complete
paraplegia or quadriplegia with residual control over upper limb
movement. In addition, we hypothesized that simulating the
synergy of the upper and contralateral lower limbs in voluntary
gait during HAL intervention may activate paralyzed lower limb
muscles.

Here, we describe the feasibility and effects of upper limb-
triggered HAL intervention for patients with complete paraplegia
or quadriplegia caused by chronic SCI.

MATERIALS AND METHODS

Participants

Four patients (3 men, 1 woman) were enrolled in this study. The
mean patient age =+ standard deviation was 37.2 £ 17.8 (range,
20-67) years. Clinical evaluation before the intervention revealed
the following findings: case 1, neurological level C6, American
Spinal Cord Injury Association (ASIA) impairment scale (AIS)
(Kirshblum et al., 2011) grade B; case 2, T6, AIS A; case 3,
T10, AIS A; and case 4, T11, AIS A. International Standards for
Neurological and Functional Classification of Spinal Cord Injury
(ISNCSCI) lower extremity motor score (LEMS) was 0 in cases 1,
2, and 3, and 2 in case 4. Participants’ clinical data are shown in
Table 1.

This study was conducted in accordance with the Declaration
of Helsinki, with approval from the Ethics Committee of the
Tsukuba University Faculty of Medicine (approval no.: H26-
22). All participants provided written informed consent for
participation and publication, including the use of accompanying
images.

HAL Intervention

Participants underwent 10 HAL sessions. The frequency of
sessions ranged from 2 per week to 1-2 per month. Intervention
for cases 1, 3, and 4 was performed on an outpatient basis,
and no additional therapies were implemented during HAL
intervention. In case 2, HAL intervention was performed as
part of an inpatient stay at our hospital in addition to standard
physical therapy. Before the intervention, active hip flexion and
active knee extension were evaluated using a Trigno™ Lab
Wireless electromyography (EMG) system (Delsys Inc., Boston,
MA, USA).

Upper Limb-Triggered HAL (UT-HAL)

We designed the HAL intervention based on patients’ residual
muscle activity. The primary goal of HAL intervention was
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TABLE 1 | Patient characteristics.

Case 1 2 3 4

Sex Male Male Female Male

Age 20 67 32 30

Reason for SCI C8/4 fracture-dislocation T5/6 Pyogenic Spondylitis Spinal cord infarction T12 burst fracture
Post injured period 3y2m 2y 3m By 3m 1y9m

AIS C6B T6A T10A TI1A

Type of paralysis Spastic Spastic Spastic Flaccid
ISNCSCI UEMS 24 50 50 50

ISNCSCI LEMS 0 0 0 3

History of other gait training None None Long leg brace Long leg brace
Frequency 1 to 2/month 2/week 1 to 2/month 2/week

to achieve voluntary gait using voluntary activation of upper
limb motion with the HAL system. On the basis of several
previous studies on upper and lower limb coordination in human
locomotion (Zehr and Duysens, 2004; Dietz, 2011; La Scaleia
et al,, 2014; Sylos-Labini et al., 2014), voluntary ambulation with
HAL using upper limb activation involved motion intention from
the anterior deltoid and posterior deltoid for contralateral hip
flexion and extension, respectively, and motion intention from
the biceps and triceps brachii for contralateral knee flexion and
extension, respectively. We referred to the upper limb-triggered
HAL session as the “UT-HAL” method (Figure 1).

The electric motors for the hip and knee joints are controlled
in real-time to generate joint torque computed as a weighted
difference of the activation of the flexor and extensor muscles. In
equation, Thip=Gda*Ada-Gdp*Adp and Tknee=Gb*Ab-Gt* At
are, respectively, the hip and knee joint torques generated
by the motors, where Gda, Gdp, Gb, and Gt are the gain,
and Ada, Adp, Ab, and At are the filtered activation of the
anterior deltoid, posterior deltoid, biceps, and triceps muscles,
respectively. Gda, Gdp, Gb, and Gt are adjusted for the user’s
comfort.

Knee Extension HAL

The secondary goal of HAL intervention was to regain active
knee extension. In patients who were able to flex their hips, a
second component was added to each HAL session. In addition
to the first component, which involved voluntary gait using the
patient’s upper limb activation, the second component involved
active knee extension using hip flexor activation, focusing on the
hip flexor as the site of remaining muscle activation in patients
who could not contract the knee extensors.

HAL Session

A typical HAL session lasted 60-90 min, including the time
required to attach and detach the device (20 min). The gait
session was ~40min, including a 10-min period of rest.
The knee extension session lasted about 30min including
evaluation (10min) of muscle activity during five repetitions
of each of the following motions: active hip flexion; active
knee extension; and active combined hip flexion and knee

extension, such as in a kicking motion, before and after each HAL
session.

A physiatrist was present in case of an emergency, a therapist
and two assistants attached and detached the HAL, and an
engineer implemented the gait analysis. For safety reasons,
a walking device (All-in-One Walking Trainer, Ropox A/S,
Naestved, Denmark) with a harness was used to prevent falls.

For participants without a history of ambulation training
(cases 1 and 2), we initially used the CAC and CIC mode
along with heavy assistance of three therapists, and as they
became accustomed to ambulation training, upper limb-
triggered methods were introduced.

Assessments
Assessments were performed before the intervention and during
each HAL session. A surface EMG system was used to evaluate
the muscle activity of the tensor fasciae lata (TFL) for hip flexion
and the femoral quadriceps (Quad) for knee extension on both
sides. We chose the TFL for the evaluation of hip flexion because
the main hip flexor, the iliopsoas muscle, is located in the deep
layer and thus is difficult to detect by surface EMG. We chose
the vastus lateralis in the Quad because it is a simple knee
extensor. The activity of each muscle was evaluated using EMG
collected at 2,000 Hz and filtered with a 30- to 400-Hz band-pass
filter using scripts on MATLAB 8.2 (Mathworks, Natick, MA,
USA). Motion capture (Vicon MX with 16 T20S cameras, Vicon,
Oxford, UK) was used to evaluate foot motion in synchronization
with EMG. Following the Vicon plug-in gait marker set, auto-
reflective markers were placed bilaterally on the feet, head of the
second metatarsal bone of the toe, lateral malleolus of the ankle,
and posterior peak of the calcaneus of the heel. The swing phase
and stance phase within a gait cycle were extracted according
to the movement trajectory of the markers. Heel strikes were
detected as the lower peaks of the height of the heel markers, and
toe lifts were detected as the lower peaks of the toe markers. The
swing phase started with a toe lift and ended with the subsequent
heel strike on the same side. The stance phase started with a heel
strike and ended with the subsequent toe lift (Ivanenko et al.,
2007).

We also evaluated the walking distance and bilateral modified
Ashworth scale (mAs) score (range: 0-24; hip abduction, knee
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FIGURE 1 | Upper limb-triggered HAL (UT-HAL) method. (A) Schema of UT-HAL. (B) Picture of patient 1. Muscle activities from the anterior and posterior deltoid for
contralateral hip flexion and extension and activities from the biceps and triceps brachii were used for contralateral knee flexion and extension. (B-1) Left leg flexion

triggered by right arm flexion. (B-2) Right leg flexion triggered by left arm flexion.

Rt. Arm Lt. Leg
Motion Intention Source HAL Motion
Deltoid Anterior Hip Flexion

Deltoid Posterior Hip Extension

Biceps Brachii Knee Flexion

Triceps Brachii Knee Extension
Lt. Arm Rt. Leg
Motion Intention Source HAL Motion
Deltoid Anterior Hip Flexion

Deltoid Posterior Hip Extension

Biceps Brachii Knee Flexion

Triceps Brachii Knee Extension

extension, and ankle dorsiflexion; Bohannon and Smith, 1987)
before and after each HAL session. The mAs scores before
and after each HAL session were compared with the Wilcoxon
signed-rank test. All analyses were performed using JMP® 10.0.2
(SAS Institute Inc., Cary, NC, USA); P < 0.05 were considered
significant. Any adverse events associated with HAL intervention
were also recorded.

RESULTS

All participants completed all 10 sessions. The only observed
adverse event was redness caused by contact between the skin
and harness in cases 1, 2, and 3 which was avoidable by
using a cushion. Figure 2 shows the walking distance in all
cases; improvement was observed in cases 3 and 4 as the HAL
intervention progressed. The decrease of the mAs score was
statistically significant from before to after session; the each
post-session mAs score decreased significantly compared to the
pre-session mAs score in case 1 (from 9.9 £+ 1.5 to 5.1 +
2.2; P = 0.004), case 2 (from 153 &+ 1.6 to 9.1 & 2.5; P =
0.029), and case 3 (from 7.0 &+ 1.2 to 6.2 + 0.8; P = 0.063;
Figure 3). In cases 1, 2, and 3, activation was observed in both
Quads in the stance phase (Figures4-6), which became more
apparent as the sessions progressed. However, in all cases, surface
EMG before the intervention showed no apparent activation
in either Quad (refer to Figures6, 7 for cases 3 and 4).
In these graphs, we chose sessions that were representative
of the progression of each subject throughout the UT-HAL
sessions.

In cases 3 and 4, knee extension sessions were performed
using the hip flexor as the trigger of knee extension. In both
cases, active contraction in both Quads was observed after
intervention. Table 2 shows the neurological findings in all cases
after intervention.

CASE DESCRIPTIONS
Case 1 (Figure 1B)

A 20-year-old male with complete quadriplegia and chronic
cervical SCI due to cervical vertebral dislocation (C5/6)
underwent HAL intervention with a total of 10 sessions, 1-2 per
month, beginning 3 years and 2 months post-injury. He had the
ability to perform daily activities independently with the help
of a wheelchair, including transfer from/to the wheelchair and
intermittent self-catheterization. Before intervention, manual
muscle test (MMT) of the upper limb muscles was 5/5 for both
deltoids, 5/5 for both biceps brachii, 2/2 for both triceps brachii,
and 1/1 for both wrist flexor muscles. The muscle strength of his
elbow extensors and wrist flexors had shown recovery; however,
his lower limbs had remained in complete paraplegia. AIS was C6
B, ISNCSCI upper extremity motor score (UEMS) was 26/50, and
LEMS was 0/50.

On evaluation before HAL intervention, there was no muscle
activation in either TFL or Quad. As the patient had no history
of ambulation training, in order to become accustomed to
ambulation training, he started HAL sessions using CAC or CIC
mode accompanied by heavy assistance from three therapists
with an overhead harness. Activation in both Quads was observed
in the stance phase from the first session. From the latter half of
the fifth session, his upper limb was used as a trigger for lower
limb movement, and activation became more apparent in the UT-
HAL session than in previous sessions. Figure 4A shows surface
EMG during the fifth session using CAC mode. There was some
activation in both Quads, but no periodic activation in the right
Quad. More periodic activation, from the end of swing phase to
early stance phase, was observed during UT-HAL gait in the same
fifth session (Figure 4B). More apparent activation was present in
the sixth session, predominantly on the right side (Figure 4C).

Walking distance increased from 73.4m (first session) to
200 m (tenth session; Figure 2). The mAs score decreased after
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FIGURE 3 | The change of mAs score in cases 1-3. Data evaluated by the same examiner were available from 8 sessions in case 1, 9 sessions in case 2, and 5
sessions in case 3.

each HAL session compared to pre-session measurements; the
mean scores before and after the sessions were 9.9 £ 1.5 and 5.1
=+ 2.2, respectively (P = 0.004; Figure 3).

Case 2

A 67-year-old male with complete paraplegia and chronic SCI
underwent HAL intervention 2 years and 3 months after the
onset of complete paralysis caused by pyogenic spondylitis in
the fifth and sixth thoracic vertebrae. He was admitted to our
hospital to undergo HAL intervention. His main complaint was
spasticity. The mAs scores on admission were as follows: total, 16;
hip abduction, 3/2; knee extension, 3/2; and ankle dorsiflexion,
3/3; for the right and left sides, respectively. He underwent HAL
sessions twice per week. He had the ability to perform daily
activities with the help of a wheelchair and his wife, including
transfer from/to the wheelchair. Before intervention, AIS was
T6 A, ISNCSCI UEMS was 50/50, and LEMS was 0/50. There was
no activation in either TFL or Quad.

As the patient had no history of ambulation training, he
started HAL sessions using CAC or CIC mode and the heavy
assistance of three therapists. Activation in both Quads was
observed in the stance phase from the first session. UT-HAL
sessions were started from the latter half of the third session, and
more apparent activation was observed in the UT-HAL session
than during CIC mode (Figures 5A,B).

Walking distance increased from 40 m (first session) to 77 m
(tenth session; Figure 2). The mAs score after each HAL session
decreased compared to pre-session measurements; the mean
scores before and after each session were 15.3 £ 1.6 and 9.1 +
2.5, respectively (P = 0.029; Figure 3).

Case 3

A 32-year-old female with complete paraplegia and chronic
SCI due to spinal cord infarction underwent HAL intervention
6 years and 3 months after spinal cord infarction. She
had the ability to perform daily activities with the help
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FIGURE 4 | Surface electromyography (EMG) of both TFLs and Quads in case 1. (A) During the fifth session using CAC mode, there was some activation in both
Quads, and periodic activation only in the left. (B) During the fifth session in UT-HAL gait, there was more periodic activation, from the end of the swing phase to early
stance phase, than in CAC mode. (C) During the sixth session in UT-HAL gait, there was more apparent activation, predominantly on the right side.
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FIGURE 5 | EMG of both Quads in case 2. (A) During the third session using CIC mode, there was activation in both Quads in the stance phase. (B) During the same
third session in UT-HAL gait, there was more apparent activation than during CIC mode.

of a wheelchair. She had a history of ambulation training Figure 6A shows surface EMG in both TFLs and Quads
using long leg braces. She underwent 1-2 HAL sessions per  before, during, and after the third knee HAL session. Before
month. the HAL session, there was periodic activation in the right TFL

Before intervention, AIS was T10 A, and ISNCSCI LEMS was ~ and Quad. During the HAL session, activation was observed in
0/50. She was able to contract the right hip adductor slightly. She ~ both TFLs and Quads. After the session, there was rhythmic
could not contract either TFL or Quad. activation in the right TFL and Quad. Before the ninth session,

On evaluation before HAL intervention, there was no muscle  periodic activation was observed in both TFLs and the right
activation in either TFL or Quad. From the first session, we used ~ Quad; during the HAL session, activation was more apparent
the upper limb as the trigger for limb motion. Some aperiodic  in both TFLs and Quads; and after the session, more obvious
activation in both TFLs and the right Quad was observed in the  activation was observed in the right Quad. Some activation was
first session (Figure 6C). also seen in the left Quad during hip flexion and knee extension

On evaluation before the second session, she could contract ~ (Figure 6B). Figures 6C,D shows surface EMG during the first
the right TFL; therefore, we added a knee extension session using  and the tenth UT-HAL sessions, respectively. In the tenth session,
the right hip flexor as the trigger for right knee extension from  more rhythmic activation was observed in both Quads during the
the second session. stance phase, predominantly on the right side.
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FIGURE 6 | EMG of both TFLs and Quads in case 3. (A) Before, during, and after the third knee HAL session. Before this session, there was periodic activation in the
TFL and Quad only on the right side. During the HAL session, activation was observed in both TFLs and Quads. After the session, there was rhythmic activation in the
right TFL and Quad. (B) Before, during, and after the ninth knee HAL session. Before the session, there was periodic activation in both TFLs and the right Quad;
during the HAL session, activation was more apparent in both TFLs and Quads; and after the session, more obvious activation was observed in the right Quad, and
some activation was seen in the left during hip flexion and extension. (C) During the first session in UT-HAL gait, there was some aperiodic activation in both TFLs and
the right Quad. (D) During the tenth session in UT-HAL gait, there was more rhythmic activation in both Quads during the stance phase, predominantly on the right
side. (E) During voluntary ambulation with a walker and overhead harness without HAL after the entire intervention, there was rhythmic activation in the right quad
from the swing mid-phase to the early stance phase.
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timef[s]

Figure 6E shows surface EMG during voluntary ambulation

with a walker and overhead harness without HAL after the entire
intervention. Rhythmic activation in the right quad was observed
from the swing mid-phase to the early stance phase.

Walking distance increased from 80 m (first session) to 234 m
(tenth session; Figure 2). After the intervention, the patient’s hip
flexor and knee extensor MMT score improved from 0/5 to 1/5
on both sides, and LEMS improved from 0 to 4 (Table 2).
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FIGURE 7 | EMG of both TFLs and Quads in case 4. (A) Before the first session, there was no voluntary contraction in either Quad. (B) Before the fifth session, there
was voluntary contraction in the left Quad. (C) Before, during, and after the tenth knee HAL session. Before and during the session, there was periodic activation in
the left Quad; during the session, the right Quad was also periodically activated. After the session, the left Quad was more periodically activated than before it.

(D) During the first session in UT-HAL gait. (E) During the fifth session in UT-HAL gait. There was activation in both TFLs from the first to tenth sessions; there was no
activation in either Quad in the first and fifth gait sessions. (F) During the tenth session in UT-HAL gait, there was slight periodic activation during swing phase.

(G) During voluntary ambulation with a walker and overhead harness without HAL after the entire intervention, there was rhythmic activation in both TFLs, and no
periodic activation in either Quad.
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TABLE 2 | Neurological change after HAL intervention.

Case 1 2 3 4
AlIS before HAL c6B T6A T10A T11A
AlIS after HAL c6B T6A T10A T11C
LEMS before HAL 0 0 0 3
LEMS after HAL 0 0 4 7

The mAs score was reduced after each HAL session compared
to pre-session measurements; the mean scores before and after
each session were 7.0 £ 1.2 and 6.2 £ 0.8, respectively (P = 0.063;
Figure 3).

Case 4

A 30-year-old male with complete paraplegia and chronic SCI
due to twelfth vertebral burst fracture underwent the HAL
intervention 1 year and 7 months post-injury. He had the ability
to perform daily activities with the help of a wheelchair. He
had a history of ambulation training with long leg braces or the
assistance of two therapists. He underwent HAL sessions twice
per week.

Before intervention, AIS was T11 A, and ISNCSCI LEMS was
3/50. MMT of the hip flexor was 1/5 on the right and 2/5 on
the left. There was no voluntary contraction in either Quad
(Figure 7A).

From the first session, we used both hip flexors as the trigger
for knee extension in the knee extension HAL session, and
the upper limb as the trigger of limb motion during the HAL
ambulation session. Activation was observed in both TFLs during
the gait session, predominantly in the swing phase, but not in
either Quad (Figure 7D). On evaluation before the fifth session,
voluntary contraction was observed in the left Quad (Figure 7B).
Therefore, we placed electrodes at the recommended sites on
both limbs in the latter five sessions and performed knee
extension sessions triggered by both knee extensors and HAL
ambulation sessions triggered by activation of both lower limbs.
Figure 7C shows surface EMG in the tenth knee extension
session. Before and during the session, there was periodic
activation in the left Quad; during the session, the right Quad
was also periodically activated. After the session, the left Quad
was more periodically activated than before it. Figures 7D-F
show EMG in the first, fifth, and tenth HAL ambulation sessions,
respectively. There was activation in both TFLs from the first to
tenth sessions, and no rhythmic activation in either Quad was
observed in the first or fifth gait sessions. During the tenth gait
session, there was slight periodic activation during the swing
phase.

Figure 7G shows voluntary ambulation with a walker and
overhead harness without HAL after the entire intervention.
Rhythmic activation was observed in both TFLs, with no periodic
activation in either Quad.

Walking distance increased from 100 to 338 m (Figure 2).
The mAs score remained 0 before and after each session. After
the intervention, the patient’s hip flexor MMT score improved
from 1/5 to 2/5 on the right, and from 2/5 to 3/5 on the left.

Knee extensor MMT also improved from 0/5 to 1/5, and LEMS
improved from 3 to 7 (Table 2).

DISCUSSION

In this study, we focused on residual upper limb muscle activity in
complete quadri/paraplegia and coordination between the upper
limbs and contralateral lower limbs in natural gait. In addition,
we used voluntary contraction of the hip flexors as a trigger for
knee extension. We observed neurological changes in two cases
after the intervention.

For all cases, including patients with cervical SCI and
high thoracic SCI who were considered ineligible to perform
conventional walking training with orthoses, it was possible to
perform movement of the paralyzed joints with voluntary control
of the relevant muscle using HAL. Considering that the method
was feasible in case 1, whose injury level was the highest of the
among the patients presented in the study, this method is feasible
for patients who has at least voluntary control the triceps muscle
with MMT score greater than or equal to 1.

The operating system of HAL directly maps in real-time
the detected neuromuscular activity to the assistive torque on
the joints of the lower limbs, and therefore directly reflects the
user’s motion intention into the generated motion. By contrast,
other exoskeleton robots such as the Lokomat (Colombo et al.,
2000), LOPES (Veneman et al., 2007), and ReWalk (Miller et al.,
2016) move paretic limbs automatically; therefore, the limbs
are passively moved. We focused on exploiting the residual
voluntary muscle activation of paraplegia patients. Using the
HAL motion assist function in the context of upper-lower limb
coordination during gait, voluntary ambulation was possible, and
the improvement of muscle activities was observed.

The HAL has been reported to be a feasible tool for some
types of neuromuscular disorders (Kawamoto et al., 2013; Kubota
etal,, 2013, 2017; Sakakima et al., 2013; Aach et al., 2014; Nilsson
et al., 2014; Sczesny-Kaiser et al., 2015, 2017; Wall et al,, 2015;
Fujii et al, 2017; Tkumi et al., 2017; Shimizu et al., 2017b)
and to improve ambulation in patients with chronic SCI (Aach
et al., 2014; Sczesny-Kaiser et al., 2015; Wall et al., 2015; Ikumi
et al.,, 2017; Kubota et al., 2017; Shimizu et al., 2017b). HAL
is able to detect very weak neuromuscular activities, if any,
using its surface electrodes and to provide motion assistance.
In this sense, HAL is an effective tool for gait training in more
severe cases of SCI. However, the conventional method using the
CVC mode of HAL is not applicable in patients with complete
paraplegia who have difficulty in detecting bioelectrical signals.
The CAC mode uses a foot pressure sensor as a motion trigger,
and pressure sensors are not effective for patients who cannot
place their weight on both feet. Therefore, we chose upper limb
motion as the voluntary trigger for lower limb movement during
ambulation.

In utilizing upper extremity muscle activation, we focused
on the structural analogy and symmetric motion between
upper and contralateral lower limbs in natural gait. The
upper and contralateral lower limbs move in synchrony
and almost simultaneously during natural locomotion. Based
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on this contralateral relationship of upper and lower limb
movement during locomotion, we placed electrodes on the
biceps and triceps brachii to drive contralateral knee flexion
and extension, respectively, and on the anterior deltoid and
posterior deltoid to drive contralateral hip flexion and extension,
respectively.

A previous study reported that the paralyzed lower limb
muscles of patients with SCI can be activated by passive leg
movements, suggesting the residual function of the rhythmic
pattern generator circuit after SCI (Kawashima et al., 2005). The
rhythmic pattern generator is highly relevant to quadrupedal
coordination during locomotion in humans (Dietz et al., 1995;
Zehr and Duysens, 2004; Dietz, 2011). In fact, recent research
has indicated that voluntary upper limb alternate movement
generates locomotor-like movements (Sylos-Labini et al., 2014)
and enhances muscle activation in the lower limbs (de Kam et al.,
2013), and this property can be used in the control of legged
exoskeletons (La Scaleia et al, 2014). From this perspective,
we hypothesized that synergistic coordination of the upper and
lower limbs during voluntary gait using HAL may activate lower
limb muscles.

UT-HAL-assisted gait in SCI patients incorporates
coordinated voluntary movement of the multiple joints of
the upper and lower limbs. Since UT-HAL connects each of
the upper limb muscles to the corresponding lower limb joint
movements independently, the coordination of lower limb
movement is realized solely by the coordinated voluntary
activation of the upper limb muscles. Our hypothesis is that
gait phase-dependent, voluntary, and coordinated activation
of the upper limb muscles, in coherent combination with the
voluntarily generated gait pattern of the lower limbs, may
re-activate gait phase-dependent muscle activity in the lower
limbs. This is difficult to implement by other assistive devices
such as passive orthoses, other robots, or current functional
electric stimulation systems (Karimi et al., 2014).

Our protocol included voluntary knee extension. Patients with
paralysis of knee extensors use long leg braces in the knee-locked
position for walking exercises; therefore, it is difficult for them
to train with knee extensor movement during gait exercise. Gait
with the HAL enabled users to extend their knee periodically in
the stance phase according to the gait cycle without knee locking
(Shimizu et al., 2017b).

In case 3, the patient was unable to contract the hip
flexor before intervention. However upper limb-triggered HAL
ambulation appeared to activate her paralyzed and disused hip
flexors. Subsequently, we used improved muscle activation of the
hip flexors as the trigger for knee extension.

We speculate that muscle activation acquired during
voluntary ambulation using motion intention conferred by
residual activity of the upper limb muscle and during voluntary
knee extension using residual activity of the hip flexor may
contribute to the improvement of paralyzed Quad muscle
activation. Both sessions—knee extension with the hip flexor and
locomotion with upper limb muscle activation—were effective in
improving muscle activity in cases 3 and 4.

In addition, in case 3 (lower panels of Figure 6), the patient
contracted the right TFL in the knee extension HAL session,

while in the UT-HAL locomotion session the TFL activation was
absent. In our opinion, it was easier to contract the TFL in the
knee extension session than in the UT-HAL locomotion because
during sitting, TFL contraction is accompanied by a simple
single-joint motion of hip flexion, and it was easy for her to focus
her attention on the motion. On the other hand, while walking,
complex coordinated motion involving hip and knee flexion and
extension is required, incorporating coordinated activation of
multiple muscles. She could generate voluntary gait using UT-
HAL and activate the right Quad in phase with the gait; however,
she could not achieve the level of coordinated multiple muscle
control during gait.

A similar discussion may apply to case 4 (lower panels of
Figure 7). Quad activation was present during the knee extension
HAL session, while in the UT-HAL locomotion session it was
absent. The patient could contract both TFLs and left Quad
independently. During walking, he could generate voluntary
gait using UT-HAL and activate both TFLs in phase with the
gait. However, he could not reach the level of including the
newly activated left Quad in the coordinated activation of
the muscles. We consider HAL intervention was effective for
achieving voluntary contraction of single-joint muscles; however,
a longer-term intervention might have been necessary in order
for this patient to be able to perform coordinated muscle control
including the newly activated muscles during gait.

Cases 1 and 2 had not experienced conventional walking
training before the HAL intervention. They had complete
paralysis in both lower extremities; however, during HAL
ambulation, there was some activation in the TFLs and Quads.
In addition, there was more apparent activation in UT-HAL
sessions than in CAC sessions. We consider that ambulation
with voluntary control have positively influenced periodic
activation.

After intervention, the neurological levels in cases 1 and
2 were unchanged; however, in these cases, spastic paralysis
evaluated by the mAs score after each session decreased from
pre-session values. As spasticity was the main concern in case 2,
this change represented meaningful clinical data. Regarding the
reduction of spasticity, we previously reported a decrease of mAs
after HAL gait training for a patient with C4 SCI (Ikumi et al.,
2017). Spasticity negatively influences quality of life for many SCI
patients by causing pain, joint contracture, and restricted activity
of daily living (Adams and Hicks, 2005; van Cooten et al., 2015).
Therefore, this method may be useful to reduce spasticity and
related concerns.

One limitation of this protocol is that it is not suitable
for patients who are unable to control upper limb muscles.
In addition, it is challenging for patients with severe joint
deformities or orthostatic hypotension. It is important for
medical staff to evaluate skin problems or bruising in paralyzed
areas because of their sensory deficiency. Moreover, although
neurological improvement was observed in two cases in this
study, we did not confirm the underlying mechanism behind this
change. Future perspectives include neurological evaluation of
this protocol using, for example, functional MRI of the spinal
cord (Stroman et al., 2004) or spinal cord mapping of motor
activity during gait (Ivanenko et al., 2008).
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The ambulation protocol using HAL and voluntary upper
limb muscle activation was feasible for complete paraplegic
patients. Moreover, patients with injury to the cervical cord or
upper thoracic cord, who have difficulty performing conventional
gait training with orthoses, may experience decreased spasticity
and activation of paralyzed muscles. It is applicable for patients
with both spastic and flaccid-type paralysis and represents a
novel option for such patients to perform voluntary controlled
ambulation similar to natural gait by using their residual
neuromuscular activities. Therefore, this HAL protocol may
contribute to broadening gait rehabilitation for complete SCI
patients.

CONCLUSIONS

This study reports the safety and feasibility of upper-limb-
triggered HAL ambulation for patients with complete
quadri/paraplegia caused by chronic SCI. Improvement of
activation in both TFLs and Quads was observed for two
cases, and decreased spasticity after each session was also
observed for three cases with spastic-type paralysis. Therefore,
voluntary upper limb muscle activation using HAL is a
potential option for rehabilitation in complete quadri/paraplegic
patients.
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The analysis of electroencephalographic signals in frequency is usually not performed by
transforms that can extract the instantaneous characteristics of the signal. However, the
non-steady state nature of these low voltage electrical signals makes them suitable for
this kind of analysis. In this paper a novel tool based on Stockwell transform is tested, and
compared with techniques such as Hilbert-Huang transform and Fast Fourier Transform,
for several healthy individuals and patients that suffer from lower limb disability. Methods
are compared with the Weighted Discriminator, a recently developed comparison index.
The tool developed can improve the rehabilitation process associated with lower limb
exoskeletons with the help of a Brain-Machine Interface.

Keywords: brain-machine interface, EEG analysis, fast fourier transform, gait intention, Hilbert-Huang transform,
Stockwell transform

1. INTRODUCTION

Reduced mobility is a serious handicap for people who have suffered a cerebrovascular accident,
brain trauma or encephalitis. Orthesis and prosthesis devices have been developed in last years in
order to assist people with severe motor limitations. Although EMG-based interfaces have been
used in several applications for controlling these devices (Villarejo Mayor et al., 2017), the use of
Brain-Machine Interfaces (BMIs) can be a more suitable option to control a speller or a wheel
chair (Li et al., 2014) and especially exoskeletons, since they can improve the neuroplasticity in
rehabilitation therapies (Cramer, 2008; Gharabaghi, 2016; Barrios et al., 2017).

The basis of a BMI is to extract the brain waves, normally by electroencephalography (EEG),
process and translate them into commands to control a device. The electrical waves obtained
are categorized by their frequency components and the location where they are acquired (Rao,
2013). Usually, the following frequency bands are considered: delta (0.1-4 Hz) which is associated
with deep sleep (Amzica and Steriade, 1998), theta (4-7 Hz) which is associated with Rapid
Eye Movement (REM) sleep and transition from sleep to waking (Cantero et al., 2003), alpha
(8-15Hz) which is associated with relaxed, but awake state with eyes closed (Da Silva, 2010)
and beta (15-32Hz) and gamma (>25Hz) which are associated with movement and attentive
focus (Rao, 2013). Depending on the author, the bands can slightly differ and overlap. Thus,
it is hard to establish a precise limit for them. In literature, bands have received another
designation; for instance, mu band (8-12Hz) which is usually related to the event-related
synchronization phenomenon (Pfurtscheller and Neuper, 1994). In Cheron et al. (2012), it was
demonstrated that some EEG frequency bands (alpha, beta and gamma) are involved in the
control of the walking pattern, and that it is possible to extract EEG signals event-related
desynchronization/synchronization (ERD/ERS) (Severens et al., 2012; Wagner et al., 2012) from
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the sensorimotor cortex controlling the contralateral foot
placement. This confirmed the study of Gwin et al. (2011)
which stated that electrocortical activity is coupled to gait
cycle phase during treadmill walking. Cheron et al. (2012) also
used the two most representative independent components of
the sensorimotor cortex as input for a Dynamic Recurrent
Neural Network (DRNN) learning identification toward the two
principal components of the 3 elevation angles (foot, shank,
and thigh) of one lower limb kinematics which can be easily
interpreted by artificial actuators.

EEG signals are usually analyzed by Fourier transforms (FT).
Due to the discrete nature of the data analyzed, signals are cut in
several windows and processed (Fast Fourier Transform FFT or
Short Time Fourier Transform STFT). Although the information
extracted by each epoch can provide the evolution through time
of the frequency components, other techniques could be more
suitable for its time-frequency analysis due to the non-steady
nature of EEG signals.

In literature, there are a few examples of these techniques,
such as the wavelet transform (Subasi, 2005). However, it needs
a good choice of the wavelet mother function which can make
this process difficult. In our previous research (Ortiz et al,
2017), we introduced the application of a time-frequency analysis
transform, the Hilbert Huang Transform (HHT) (Huang et al.,
1998), in an offline scenario for lower limb detection of start
and stop of gait cycle based on the ERD/ERS phenomenon.
HHT combines a decomposition algorithm Empirical Mode
Decomposition (EMD) and a mathematical transform Hilbert
Transform (HT). This paper expands our previous research
introducing a new transform, the Stockwell Transform (ST)
(Stockwell et al., 1996), in order to compare its performance
not only with HHT, but also with the FFT. Besides, the study is
carried out in an offline and a pseudo-online scenario for better
comparison of the techniques. In order to correctly measure
the performance of the different proposals, the Weighted
Discriminator index (WD) is used (Rodriguez-Ugarte et al.,
2017).

The purpose of this work is to show how time-frequency
techniques, such as the ST transform, improve the accuracy of
the start and the stop detection of gait cycles through the EEG
signal analysis, lowering the number of false detections. Sixteen
different subjects (eight healthy and eight patients) participated
in the research. Data was not only analyzed offline, but pseudo-
online as this approach simulates the behavior of the BMI
working with an external device in real time.

2. MATERIALS AND METHODS

This section provides information about the experimental setup,
equipment used for EEG acquisition, motion capture system
(MCS) and the data processing.

2.1. Experimental Setup

Data was collected on sixteen participants. Eight participants
(labeled as H1-8) were healthy and did not have any known
health issue. They were all right-handed, and were in the age
range of 24-29 years (28.2 £ 3.0) at the time of the experiment.

Additionally, there were eight patients (labeled as P1-8) of the
National Hospital for Spinal Cord Injury in Toledo (Spain), and
they were in the age range of 19-71 years (43.7 &= 18.4). This
study was carried out in accordance with the recommendations
of ethics committee of the Miguel Hernandez University of Elche
(Spain) with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the ethics
committee of the Miguel Herndndez University of Elche (Spain).

Healthy subjects performed ten different trials. However,
certain patients due to limitations, tiredness and hardware
detection problems completed less trials or some of the trials were
not correctly accomplished. Table 1 shows the number of trials
considered for analysis by each subject.

Each trial consisted of 4 complete gait cycles, each one with
two events: start and stop as can be seen in Figure 1. Each cycle
followed the next pattern: relax, start intention of gait, gait, stop
intention of gait and stop (out of the model analysis, although it
can be considered as a relaxed state).

The purpose of the paper is to measure the performance of a
BMI that detects the starts or stops of the gait cycle. Hence, two
different models were considered, one for the detection of start
and other for the detection of stop. The analysis was carried out
considering each event (start or stop intention) as the active part
of the model (state 1) and the previous state (relax or gait) as the
non-active (state 0).

Data processing was not performed in real time. Two different
approaches were considered in order to measure the performance
of the methods and the classification model: offline and pseudo-
online. Pseudo-online analysis simulated the behavior of the tool
in real-time conditions. State labels (0 and 1) were defined based
on the Inertial Measurement Units (IMU) activation. Active
windows had a 4 s duration starting 2 s previously to the IMU
activation. Non-active windows were considered before the active
windows with a time gap of 0.5 s. In the case of the offline
model, active windows had a duration of 4 s, covering the
whole previous time of analysis for the pseudo-online model.
Differences between the data windows are shown in Figure 1 for
both approaches. Nevertheless, data was sampled at 500 Hz and
sent every 0.2 s in epochs of 1 s duration to the data processing
tools. This allowed to treat the data in a similar way for all the
methods tested.

2.2. Brain-Machine Interface

2.2.1. EEG Data Acquisition

EEG signals were recorded using a commercial device developed
by Brain Products GmbH (Germany). 31 electrodes were used

TABLE 1 | Trials performed by subject.

Subject H1-H8 P1 P2 P3 P4 P5 P6 P7 P8
Total number of trials 10 10 7 6 7 8 9 10 9
Trials used for 1-6 16 14 1-4 1-4 1-5 1-6 1-6 16
pseudo-online model

Trials used for 7-10 7-10 5-7 5-6 5-7 6-8 7-9 7-10 7-9

pseudo-online testing
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with the help of an actiCAP for an easier placement. The system
registered the EEG signals through the actiCHamp amplifier.
They were wireless transmitted by a MOVE transmitter for offline
and pseudo-online analyses at a sampling frequency rate of 500
Hz. Electrodes were positioned according to the International
10/10 system. Figure2A shows healthy subject H4 walking
during a trial. Although 31 electrodes were recorded, finally only

nine electrodes were used. This is based on previous studies
(Hortal et al., 2016b; Ortiz et al., 2017) and preliminary results
of the methods tested on this paper for offline scenario. The
electrodes chosen were those close to the electrode Cz (Fz, FCI,
FC2, C3, Cz, C4, CP1, CP2, and Pz). The reference was positioned
on the right ear lobe and the ground on AFz. Figure 3 shows the
electrode configuration used.

— —Cycle
Relax
I start intention
N Gait
[N stop intention
— Gait

0 30 60 90 120 150
time(s)

Offline windows of analysis

windows of analysis.

FIGURE 1 | Windows of analysis for offline and pseudo-online models. Time of simulation (oroken line) for every trial contains 4 complete gait cycles (solid line).
Intention windows (red and magenta) were considered as the active data of the model (state 1). Relax and gait windows (cyan and green) were considered as the
non-active data of the model (state 0). The data represented in the figure correspond to the 10th trial of patient P1. (A) Offline windows of analysis. (B) Pseudo-online

0 30 60 90 120 150
time(s)

Pseudo-online windows of analysis

Healthy subject H4 wearing the data acquisition
equipment.

FIGURE 2 | Data acquisition equipment. (A) Shows subject H4 wearing the fixing bands for the IMUs, the actiCAP, and Move transmitter. (B) Shows a scheme for the
positioning of the IMUs from front and rear view. (A) Healthy subject H4 wearing the data acquisition equipment. (B) IMUs positioning scheme.
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IMUs positioning scheme.
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FIGURE 3 | Electrode configuration considered.

2.2.2. Motion Capture System

For the MCS a Tech MCS manufactured by Technaid S.L.
(Spain) was used. The system consisted of seven wireless Inertial
Measurement Units (IMUs) located on the following positions:
three at each limb (foot, thigh and leg) and one on the lumbar
position. Figure 2 shows the exact position of the units. Each
IMU had three different types of sensors: an accelerometer,
a gyroscope and a magnetometer. Each IMU provided 19
parameters: 9 for rotation, 3 for acceleration, 3 for angular
velocity, 3 for magnetic field and 1 for temperature. Rotation
parameters were used to detect the initiation and stop of the
movement. The data registered by each IMU were acquired
through a HUB connected to the PC USB port at a sampling rate
of 20 Hz. The MCS mission was to provide the feedback of gait
state changes for accuracy calculation of the tests, i.e., the correct
detection of the real initiation and stop of the gait.

2.2.3. Preprocessing

Reducing signal to noise ratio is important to improve the feature
extraction, so pre-processing of data was needed for each epoch.
Several filters were considered.

2.2.3.1. Hardware filter

As this depends on the equipment used for data acquisition, it was
the same for all the measurements. The hardware used applied a
low pass filter with a cut off frequency of 100 Hz and a notch filter
at 50 Hz in order to mitigate the power line interference.

2.2.3.2. Spatial filter
The use of a spatial filter helps to minimize the contribution
of the rest of the electrodes to each channel. This way the

information of each sensor is better isolated (McFarland et al,,
1997). In a previous study (Ortiz et al., 2017) a Laplacian (Lp)
and a Common Average Reference (CAR) spatial filter were
compared during offline analysis, obtaining Lp filter a better
outcome in average than CAR for both event detection (7.8 %
better comparison index for the FFT and 6.3 % better for the
EMD). Therefore, Lp was the spatial filter used in this study.
It aims to subtract the contribution of the rest of electrodes
based on distance. Equation 1 shows how the filtered voltage is
calculated for electrode i.

L
ViP=vi=) gV (1)
i

Where ViL ? represents the voltage after filtering, V; is the voltage
without filtering, j = 1:31 and g;;:

\:s:""_‘

8ij = 2

1
ik a5

With djj representing the distance between the electrodes i and j
based on the three dimensional Euclidean method.

2.2.3.3. Frequency filter

The application of the frequency filter depends on the algorithm
or mathematical transform used for data analysis. In this research
it was only used before the FFT processing. Based on our previous
study (Ortiz et al., 2017) a 4th order Butterworth high-pass filter
with a cut off frequency of 0.2 Hz was used to extract the DC
component of the signal. HHT and ST methods are not affected
by the low pass filter, so it would only increase the computing
time without an improvement of the results.

2.2.4. Processing

Three different processing tools were tested to obtain the feature
vector of the signal: FFT, HHT, and ST. The three methods were
used to extract the data characteristics from the same frequency
bands: 8-13, 13-32, and 32-50 Hz. They are related to alpha, beta
(ERD/ERS phenomenon) and gamma (attentive focus) bands.
Therefore, for all processing methods, each electrode provides
three features. Following paragraphs describe the nature of these
methods.

2.2.4.1. Fast fourier transform

Fourier transform (Bracewell and Bracewell, 1986) is one of the
most extended tools in signal processing. The non-steady state
nature of EEG signals is minimized thanks to the analysis of
the signal in epochs. FFT provides information of the evolution
in time (different epochs moving every 0.2 s) of the harmonic
content. For each epoch and electrode, the harmonic content in
each band was computed.

2.2.4.2. Hilbert huang transform

HHT was developed by Huang et al. (1998) as an improvement
to Hilbert Transform (HT) application. It consists of a sifting
process based on the envelopes of data. This process, called
Empirical Mode Decomposition (EMD) separates a signal in
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several Intrinsic Mode Functions (IMFs). The process can be
described as follows:

1. Find the local extrema of x(t).

2. Find the maximum envelope e (¢) of x(t) by fitting a natural
cubic spline through the local maxima. Then, repeat this
step to find the minimum envelope, e_(t), by using the local
minima.

3. Compute an approximation to the local average: m(t) =
(e (1) +e—(1))/2.

4. Find the proto-mode function: p;(t) = x(t) — m(t).

5. Check if p;(t) is an IMF:

a. The number of extrema and the number of zero crossings
may differ by no more than one.

b. The local average is zero. The thresholds chosen to set this
condition are critical to avoid over or undertraining. In this
research the stopping criteria thresholds of Rilling et al.
(2003) were followed.

c. To avoid the extraction of accidental IMFs, the conditions
must be accomplished in at least two to three consecutive
iterations (three in our case).

6. If p;(t) is not an IMF, repeat the EMD sifting process by setting:
x(t) = pi(t). If p;(t) is an IMF then set: IMF;(t) = pi(t).

Every IMF;(t) is supposed to be monotonic if EMD is successfully
applied. Therefore, IMF;(t) and its HT are orthogonal and
instantaneous amplitude a(t) and pulsation w;(t) can be
computed through the analytical complex function z;(t) analysis
(Huang et al., 1998) of every mode:

z(t) = IMF;(t) + jHT(IMF;(t)) = a;(t)e*" (3)
_dgi(t)
wi(t) = at (4)

Once all the modes are extracted (see Figure 4B for an example),
Hilbert Spectrum H(w, t) (Huang et al., 1998) is calculated based
on a;(t) and w;(t) for all the modes. H(w, t) is computed as a
function of energy (square amplitude) by frequency and time
(right part of Figure 4A). As data volume of H(w,t) can be
too large, the Hilbert Marginal Spectrum h(w) is computed as
Equation (5). This is carried out for each epoch as:

)
h(w) = H(w, t)dt (5)
t
Being t; — t; = 1s.

For each electrode and epoch the peak value of each frequency
band is extracted as one feature of data. See Figure4A for a
clearer representation of h(w) features. Notice that in Figure 4A
H(w, t) is represented in logarithmic square amplitude, instead of
square amplitude, for a better visualization.

However, there are difficulties related to the algorithm nature
of the EMD. The sifting process is sensitive to the thresholds
defined in the algorithm (Rilling et al., 2003) and the sampling
frequency (Rilling and Flandrin, 2006). Besides, it can be hard to
extract components that present similar tones (Rilling et al., 2003;
Rilling and Flandrin, 2008) which can affect to the quality of the
H(w, t) due to the lack of orthogonality of some of the modes.

2.2.4.3. Stockwell transform

Stockwell transform, also known as S-Transform (ST), was
developed as a time-frequency decomposition tool (Stockwell
et al, 1996). It overcomes some of the disadvantages of
Short Time Fourier Transform (STFT) (better time-frequency
resolution) based on a scalable localizing Gaussian window. It is
defined as:

Foo —12f2
S(f,f)z/ x(t)\/m_e_( 7 gt )

o0 27

One of the properties of ST is to define multiple frequency voices
as one dimensional functions of time scale () and frequency (f;):

S(t,f) = A(z, f)d? ) -

Due to the orthogonal nature of voice functions, local frequency
and amplitude can be computed which allows to obtain H(w, t).
Once it is created for each epoch, h(w,t) is calculated in the
same way that was explained for HHT in paragraph 2.2.4.2 and
Figure 4A, obtaining the three features per electrode based on
the h(w) peaks per band. ST and HHT are similar in the way
the features are extracted, but different in the way H(w,t) is
computed. The main advantage of ST is its analytical nature
which makes it not dependable of any thresholds. However,
although it improves the frequency resolution of FFT, it has still
a worse frequency resolution the higher the frequency is. As the
frequency bands related to the characteristics (8-50 Hz) are far
from the Nyquist frequency (250 Hz), this is not a problem for
our study.

2.2.5. Post-processing

Once the features were extracted per each electrode (9%3 = 27
data vector per 1 s epoch). Two different tests were done: offline
and pseudo-online.

First, it was necessary to create a model for the later test
data identification. Each participant had this way four different
models associated: one for type of event detection (start or stop)
and one for approach (offline or pseudo-online). The model
allowed to identify testing epochs as non-active (0 label for rest
or gait) and active intention (1 label for start intention or stop
intention).

2.2.5.1. Classifier

The classifier chosen was the Support Vector Machine (SVM)
algorithm. The SVM is based on hyperplane separation by
maximizing the margin between the nearest points of different
classes (Steinwart and Christmann, 2008). SVM combined with
non-linear kernels, such as the radial basis used for this research,
results in a robust method (Hortal et al., 2016a; Sburlea et al.,
2017). Other alternative classifiers such as Self-organizing maps
(SOM) and Linear Discrimination Analysis (LDA) were also
considered and tested for some of the healthy subjects at the
first steps of the research. However, the higher time of processing
required for the model creation in the case of the SOM classifier
and the overall better results obtained by SVM were the reason
to select it. In order to limit the volume of data presented, only
SVM results are shown on this paper. The model creation and
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evaluation was carried out in a different way for offline and
pseudo-online approaches.

In the case of offline analysis, subjects were evaluated by leave-
one-out cross-validation. This means that for each participant,
one trial was used for validation and the rest of the trials for
modeling. For instance, in the case of a subject with ten trials
registered, ten different models of nine trials were performed for
start intention and another ten for stopping. The ten test trials
were evaluated for each one of their models and finally the results
were averaged.

For pseudo-online tests, the first trials were used to create the
model and the last ones to test it as if they were processed in real
time. Therefore, evaluation was carried out without leave-one-
out cross-validation. In the case of healthy participants, the ratio
was six tests for modeling and four for testing (6/4 ratio). As the
number of trials for patients was inferior to ten in some cases, the
ratio presented minor differences, e.g., P2 had a 4/3 ratio. Table 1
shows the trials used for the model creation and testing by user.
The indices associated with the test trials of each subject were also
averaged.

For evaluation, each epoch, formed by a 27 features vector, was
tested over the classifier and a label 0 or 1 was returned. This label
was compared with the true nature of the epoch, based on the
MCS data, and a result of a true (T) or false detection (F) was
registered. The process is shown in Figure 5. This true and false
vector was used afterwards for the index evaluation.

2.2.5.2. Evaluation indices

The most common way to evaluate the results is using the
following indices: True Positive Rate (TPR), False Positive per
Minute (FP/min) and Accuracy (Acc).

TPR indicates the percentage of true start or stop intention
events detected. This was evaluated only for the active windows
(red or magenta in Figure1). The evaluation of a true event
detection was a bit different for the two analysis. Offline, a
number of T > F was enough to consider a true event, while
on pseudo-online, more than five consecutive T were needed to
consider the whole event as true. A single trial TPR would be
defined as:

Number of true event detections
TPR =

®)

Number of true events

Accuracy appoints how many start or stop intentions detected
were really a true detection. This means that it has to be evaluated
for active and non-active windows. In the case of non-active
windows, a false detection was achieved when F > T (offline)
or more than five consecutive F were accounted (pseudo-online).
In active windows, the calculation of a detection was the same as
TPR. The Acc of a trial would be:

Number of true event detections

Acc 9

" Number of total event detections

FP/min indicates the number of false detections per minute. It
is an important index, because a high number would result in
a disturbing operation of the mobility assistant device, in which
the mechanism would be activated without the real subject desire.
FP/min were computed for non-active windows when F > T in
the case of offline analysis. However, pseudo-online analysis is
a bit different. As it tries to simulate the real-time behavior of
the tool and several FP can occur during non-active windows, it
was necessary to compute all the false activations and not only
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one by event. This way, a FP was computed each time more than
five consecutives F were detected. The rest or gait windows (non-
active) for the offline scenario have the same length than active
windows: 4 s, i.e., 4/60 min, while for the pseudo-online scenario
expand for the whole rest or gait time previous to the 0.5 gap
between non-active and active windows per event. This can be
seen in Figure 1B as cyan or green windows for the start and the
stop models. FP/min can be expressed as:

Number of false activations

FP/min = (10)

Rest or gait time windows in minutes

It is important to remark that the three indices are necessary in
order to correctly analyze the results. For instance, a trial test
with 100% Acc and 0 FP/min could seem a perfect one, but
it may only indicate that one of the four events of a trial was
detected, being in this case the TPR only 25%. Although the
previous indices provide a good information of the results, it
can be difficult to compare them based on three independent
indices. Consequently, in a previous research, a unified index
called Weighted Discriminator (WD) was developed (Rodriguez-
Ugarte et al., 2017). WD takes into account TPR, Acc and the
False Positive Ratio (FPR) which provides the ratio of false
positives per event:

WD = 0.4-TPR+ 0.6 - Acc — FPR (11)
with TPR and FPR in p.u. and:
FPR = FP/min - Duration of a single FP in mins (12)

Being the duration for the offline analysis 4/60 min and 1/60 min
for the pseudo-online one (equivalent to five consecutive
detections represented by the gap of 0.2 s). WD can oscillate
from a perfect performance value of 1 to the worst if value is

—1. Therefore, WD acts as a comprehensive index to compare
the performance of the different tests.

3. RESULTS

Results were obtained for the sixteen subjects and the offline
and pseudo-online analysis. The comprehensive WD index was
calculated from the determination of TPR, FP/min and Acc
indices in order to evaluate the performance of the BMI in every
case. WD index was statistically analyzed. A Shapiro-Wilks (S-W)
test of normality was applied in order to detect outliers (Ghasemi
and Zahediasl, 2012) and a factorial multivariate analysis of
variance (MANOVA) was carried out to detect the significant
differences between methods (ST/HHT/FFT), type of subject
(healthy/patient) and type of event (start/stop) with the help of
SPSS (Field, 2009).

3.1. Offline Analysis

As previously stated, offline analysis was carried out by leave-one-
out cross-validation technique. WD acts as a measurement of the
BMI performance. It was computed for each method, subject and
model. This can be seen in Tables 2-4.

The S-W test indicated that P2 was an outlier for the HHT stop
model (p < 0.05) and, as a consequence, it was not considered for
the stop model.

In order to carry out a MANOVA test, it is needed to
assess if the variances between groups are equal (assumption of
sphericity). This test is known as Mauchly’s test. In this case,
assumption of sphericity was not violated (p > 0.05).

Then, it was performed the MANOVA analysis. The
interaction between methods and type of event in the test of
within-subjects presented significant differences [F(,, 54y = 10.80,
p < 0.001, n> = 0.29]. In order to see the cause of this, a pairwise
comparison using Bonferroni confidence interval adjustment was
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TABLE 2 | Offline results for the sixteen subjects.

Subject Method Start Stop
TPR (%) FP/min Acc (%) WD TPR (%) FP/min Acc (%) WD
H1 ST 87.50 3.75 77.83 0.50 75.00 1.13 92.17 0.76
HHT 77.50 4.50 74.79 0.38 82.50 1.88 89.00 0.71
FFT 65.00 3.75 71.50 0.38 80.00 2.63 85.17 0.61
H2 ST 87.50 2.63 88.00 0.66 85.00 1.50 91.50 0.76
HHT 77.50 4.13 70.67 0.39 75.00 1.88 87.67 0.67
FFT 70.00 3.00 79.33 0.51 80.00 2.25 84.83 0.64
H3 ST 82.50 2.63 84.83 0.62 82.50 0.75 95.50 0.84
HHT 65.00 6.75 60.17 0.06 75.00 1.88 89.67 0.68
FFT 70.00 5.25 75.21 0.29 77.50 2.63 82.00 0.58
H4 ST 95.00 1.50 93.33 0.81 87.50 0.38 98.00 0.91
HHT 82.50 2.63 86.71 0.63 72.50 0.38 98.00 0.85
FFT 80.00 1.13 93.00 0.78 85.00 2.25 88.17 0.68
H5 ST 88.00 2.10 87.14 0.70 82.00 1.50 92.14 0.76
HHT 78.00 3.60 76.95 0.47 74.00 1.80 85.17 0.66
FFT 72.00 2.10 85.14 0.62 84.00 3.60 83.06 0.53
H6 ST 90.00 2.70 84.79 0.64 66.00 0.90 93.33 0.75
HHT 72.00 3.00 84.10 0.54 44.00 1.20 90.00 0.62
FFT 82.00 1.80 89.31 0.71 58.00 2.70 78.50 0.48
H7 ST 86.00 3.90 81.25 0.51 82.00 0.60 96.00 0.85
HHT 58.00 7.50 54.76 -0.06 50.00 3.60 67.48 0.30
FFT 66.00 3.90 72.50 0.37 66.00 3.30 7714 0.45
H8 ST 94.00 3.00 84.23 0.63 82.00 0.60 96.33 0.86
HHT 64.00 4.20 68.52 0.32 38.00 0.30 86.67 0.65
FFT 82.00 1.20 93.00 0.79 72.00 1.80 82.08 0.63
P1 ST 85.00 0.38 97.50 0.89 60.00 3.38 85.83 0.47
HHT 77.50 1.50 84.00 0.69 47.50 1.88 70.50 0.46
FFT 85.00 1.50 92.00 0.77 60.00 3.00 77.00 0.45
P2 ST 53.57 2.68 70.48 0.41 89.29 4.29 83.16 0.50
HHT 96.43 9.64 64.49 -0.03 46.43* 7.50* 26.19* -0.28*
FFT 67.86 4.82 65.24 0.26 71.43 5.36 73.81 0.28
P3 ST 66.67 5.63 66.67 0.20 50.00 1.88 73.61 0.49
HHT 54.17 6.25 47.50 -0.02 50.00 3.75 77.78 0.35
FFT 58.33 4.38 69.44 0.29 50.00 5.63 56.94 0.07
P4 ST 92.86 2.68 86.90 0.67 57.14 2.68 68.57 0.42
HHT 78.57 2.68 81.67 0.58 50.00 1.07 93.57 0.67
FFT 78.57 2.68 84.52 0.60 57.14 3.75 71.19 0.34
P5 ST 90.63 2.34 89.64 0.71 71.88 1.41 90.63 0.71
HHT 84.38 4.69 75.21 0.40 68.75 1.88 90.83 0.66
FFT 84.38 3.75 80.68 0.51 68.75 2.34 85.42 0.59
P6 ST 84.00 3.00 83.93 0.59 72.00 2.40 87.52 0.61
HHT 76.00 6.60 63.88 0.14 56.00 2.40 70.64 0.45
FFT 86.00 3.00 84.57 0.60 68.00 2.10 83.81 0.60
P7 ST 72.00 5.10 69.72 0.28 64.00 3.00 79.00 0.48
HHT 46.00 4.50 61.79 0.18 46.00 3.00 59.31 0.29
FFT 68.00 4.50 70.42 0.32 58.00 2.70 77.64 0.47
P8 ST 80.00 2.00 89.42 0.69 91.11 1.67 94.44 0.79
HHT 66.67 1.00 94.44 0.75 95.56 0.33 98.15 0.94
FFT 86.67 3.00 82.01 0.59 93.33 1.00 94.44 0.86

The data represent the average value of the trials (up to ten by subject) obtained by leave-one-out cross-validation technique for the different evaluation indices. Outliers identified by
SPSS are marked by *. Best WD results by subject are marked in bold for the start and stop models.
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TABLE 3 | Offline results by method.

Method Start Stop
TPR (%) FP/min Acc (%) WD TPR (%) FP/min Acc (%) WD
ST 83.45 + 10.98 2.88 +£1.27 83.48 + 8.54 0.60 + 0.18 73.88 £ 12.22 1.59 4+ 0.93 88.97 + 8.74 0.70 + 0.16
HHT 7214 £12.59 4.57 £2.30 71.85 £ 12.71 0.34 £ 0.27 61.65 + 16.94 1.82 + 1.08 83.63 £ 11.74 0.60 £+ 0.19
FFT 7511 £ 8.94 3.11 +£1.31 80.49 + 8.98 0.52 +£0.19 70.51 £ 12.58 2.78 +£1.05 80.49 + 8.53 0.53 +£0.18
Average 76.90 £ 11.75 3.52 +1.82 78.61 £11.20 049 4+ 0.24 68.68 + 14.69 2.06 +£1.12 84.36 + 10.19 0.61 +0.19

The data represent the average value +, standard deviation by method for the subjects. P2 was not considered for the stop model as it was detected as outlier. Best results for start

and stop models appear in bold.

TABLE 4 | WD Offline results by method and type of subject.

Method Healthy Patient
Start Stop Start Stop
ST 0.64 + 0.10 0.81 £ 0.13 0.56 + 0.24 0.57 + 0.14
HHT 0.34 £0.23 0.64 £0.16 0.33 £0.31 0.55 £0.23
FFT 0.56 +£0.20 0.58 £ 0.09 0.49 £0.18 0.48 £0.24
Average 0.51 £ 0.22 0.68 + 0.14 0.46 £0.26 0.53 +£0.20

The data represent the average WD value + standard deviation by method and type of subject: healthy or patient. P2 was not considered for the stop model as it was detected as

outlier. Best results in bold.

performed. ST and FFT had no significant differences (p > 0.05),
but HHT did (p < 0.01) for the start and stop models. On the
other hand, the interaction, in the test of within-subjects, between
methods and type of subject presented no significant differences
(p > 0.05). The interaction between type of event and type of
subjects in the test of between-subjects was also not significant
(p > 0.05).

Regarding the WD value, ST obtained the best results for both
start and stop models (bold text in Table 3). Although, there were
no significant differences depending on the type of subject, WD
results for healthy users were higher in average (bold text for
average in Table 4). ST was also the method with the highest
WD for both type of subjects as Table 4 shows, but with a lower
difference with the other methods for patients than for healthy
subjects. HHT performance was irregular with the lowest WD
results for the start model and the highest standard deviation in
Tables 3, 4.

3.2. Pseudo-Online Analysis

The actual application of the BMI is in a real-time situation
where the patient is trying to activate the motion device with
the BMI output. As the trials were acquired before the ST
and HHT implementation by the authors, a pseudo-online
approach was adopted to overcome this issue. In a pseudo-
online scenario, it is simulated that epochs are processed as they
are acquired. First trials were used for modeling, as stated in
subsection 2.2.5.1, and the rest of them were reserved for testing
(Table 1). It is important to notice that, FP/min was calculated
in a different way as several false activations can be registered
in real-time non-active windows. Therefore, this approach bring
us a more realistic outcome of the BMI behavior, while offline

tests gives information of the global performance when applying
the different methods. A bad trial performance of a subject had
a more relevant influence over the results, because not only an
inferior number of trials is considered, but false detections can be
multiple for each event.

Table 5 provides the TPR, FP/min, Acc, and WD results
for the different methods and subjects whereas Tables 6, 7
show the average WD value for the three methods and type
of subject. The results vary from the offline tests as there
were differences in the way a detection was computed and
the number of trials used for testing. This variation is more
noticeable in the case of the number of FP/min, as a comparison
between offline and pseudo-online tables shows. However,
as the WD takes into account the FPR and the FP time
length varies, WD still acts as a good index for the method
comparison.

The S-W test of normality was passed for all the models
(p > 0.05) and no outliers were detected. Hence, the sixteen
subjects were considered for pseudo-online analysis.

Mauchly’s test indicated that the assumption of sphericity
was violated (p < 0.05). Therefore, it was needed to apply the
corrector factor with the highest power, in this case Huynh-Feldt.

For the MANOVA analysis, the test of within-subjects effects
presented no significant differences (p > 0.05) for the interaction
between methods and type of event, and for the interaction
between the methods and the type of subject, applying for both
cases the corresponding corrector factor of Huynh-Feldt. The
interaction between type of event and type of subject in the
test of between-subjects effects presented significant differences
[F(1, 28) = 6.34,p < 0.05, n? = 0.185]. The pairwise comparison
using Bonferroni confidence interval adjustment did not detect
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TABLE 5 | Pseudo-online results for the sixteen subjects.

Subject Method Start Stop
TPR (%) FP/min Acc (%) wD TPR (%) FP/min Acc (%) wD
H1 ST 81.25 7.68 66.67 0.56 93.75 3.99 79.52 0.79
HHT 68.75 6.43 58.75 0.52 68.75 3.36 75.18 0.67
FFT 68.75 7.27 66.19 0.55 81.25 3.91 78.04 0.73
H2 ST 100.00 5.14 83.57 0.82 100.00 8.86 64.09 0.64
HHT 56.25 4.10 55.36 0.49 68.75 0.65 93.75 0.83
FFT 75.00 3.97 73.87 0.68 100.00 12.05 58.69 0.55
H3 ST 93.75 13.16 66.98 0.56 81.25 1.35 92.26 0.86
HHT 68.75 10.27 59.38 0.46 43.75 0.00 75.00 0.63
FFT 93.75 14.76 57.78 0.48 62.50 0.69 91.67 0.79
H4 ST 100.00 0.00 100.00 1.00 81.25 0.00 100.00 0.93
HHT 62.50 7.44 40.21 0.37 25.00 0.00 75.00 0.55
FFT 75.00 1.80 82.50 0.77 56.25 1.89 68.75 0.61
H5 ST 85.00 9.06 75.70 0.64 85.00 1.83 92.26 0.86
HHT 75.00 4.34 86.31 0.75 55.00 3.64 66.67 0.56
FFT 75.00 8.80 80.31 0.64 70.00 4.32 56.52 0.55
H6 ST 70.00 1.78 78.33 0.72 95.00 3.05 81.26 0.82
HHT 65.00 4.66 73.61 0.62 35.00 3.03 52.50 0.40
FFT 70.00 3.56 78.41 0.69 80.00 8.33 53.84 0.50
H7 ST 70.00 1.93 82.14 0.74 85.00 2.69 83.33 0.80
HHT 30.00 7.74 27.68 0.16 40.00 3.60 56.25 0.44
FFT 50.00 4.29 49.43 0.43 55.00 2.69 70.42 0.60
H8 ST 90.00 4.06 67.38 0.70 100.00 1.75 83.33 0.87
HHT 50.00 3.45 50.00 0.44 55.00 2.73 57.50 0.52
FFT 85.00 5.43 61.81 0.62 95.00 2.42 78.82 0.81
P1 ST 100.00 3.58 84.18 0.85 31.25 0.00 100.00 0.73
HHT 100.00 2.13 89.58 0.90 37.50 0.00 75.00 0.60
FFT 93.75 3.30 87.61 0.85 25.00 0.00 50.00 0.40
P2 ST 50.00 2.62 72.22 0.59 91.67 3.54 75.93 0.76
HHT 100.00 21.42 60.58 0.41 100.00 40.14 36.25 -0.05
FFT 33.33 3.33 35.71 0.29 58.33 2.42 77.78 0.66
P3 ST 62.50 0.00 100.00 0.85 87.50 13.33 30.30 0.31
HHT 75.00 0.00 100.00 0.90 62.50 11.99 25.71 0.20
FFT 50.00 0.00 100.00 0.80 75.00 13.28 38.87 0.31
P4 ST 83.33 0.00 100.00 0.93 91.67 18.04 37.87 0.29
HHT 58.33 3.61 75.00 0.62 66.67 4.65 59.44 0.55
FFT 41.67 0.00 100.00 0.77 66.67 8.51 42.73 0.38
P5 ST 83.33 4.72 75.56 0.71 50.00 1.65 74.29 0.62
HHT 75.00 5.62 65.48 0.60 25.00 4.03 33.33 0.23
FFT 50.00 1.23 91.67 0.73 58.33 1.46 69.05 0.62
P6 ST 73.33 2.85 79.17 0.72 86.67 3.04 79.74 0.77
HHT 66.67 5.66 65.61 0.57 80.00 16.13 35.20 0.26
FFT 40.00 5.00 57.62 0.42 73.33 11.20 38.33 0.34
P7 ST 65.00 6.82 61.16 0.51 85.00 11.78 50.87 0.45
HHT 35.00 2.08 48.33 0.40 60.00 11.43 32.91 0.25
FFT 35.00 3.95 42.50 0.33 45.00 3.23 59.72 0.48
P8 ST 80.00 7.41 73.61 0.64 100.00 0.85 96.67 0.97
HHT 53.33 0.00 100.00 0.81 86.67 0.85 95.24 0.90
FFT 86.67 6.22 76.67 0.70 73.33 2.54 89.26 0.79

Data represent the average value of the tested trials. No outliers were identified by SPSS. Best WD results appear in bold.
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TABLE 6 | Pseudo-online results by method.

Method Start Stop

TPR (%) FP/min Acc (%) WD TPR (%) FP/min Acc (%) WD
ST 80.47 + 14.63 4.43 + 3.67 7917 £12.19 0.72 = 0.14 84.06 + 18.40 473 +5.34 76.36 £+ 20.95 0.72 = 0.21
HHT 64.97 + 18.96 5.56 + 5.04 65.99 + 20.59 0.56 + 0.20 56.85 + 21.68 6.64 + 10.11 59.06 + 21.90 0.47 +£0.25
FFT 63.93 + 20.96 4.56 + 3.64 71.38 + 19.46 0.61 £0.17 67.19 &+ 18.40 4.93 + 4.28 63.91 + 16.82 0.57 +£0.16
Average 69.79 + 19.54 4.85 + 4.11 72.18 +18.26 0.63 + 0.18 69.37 &+ 22.24 5.44 £+ 6.95 66.44 4+ 20.92 0.59 + 0.23

The data represent the average value + standard deviation by method for the sixteen subjects. Best results for WD start and stop models appear in bold.

TABLE 7 | WD pseudo-online results by method and type of subject.

Method Healthy Patient

Start Stop Start Stop
ST 0.72 £ 0.14 0.82 + 0.09 0.73 £ 0.14 0.61 +£0.24
HHT 0.48 £0.17 0.58 +£0.14 0.65 + 0.20 0.37 £ 0.30
FFT 0.61 £0.11 0.64 £0.12 0.61 £0.23 0.50 £ 0.17
Average 0.60 £ 0.17 0.68 + 0.15 0.66 + 0.19 0.49 +£0.25

The data represent the average WD value + standard deviation by method and type of
subject: healthy or patient. Best results in bold.

differences for healthy subjects (p > 0.05), but it did for patients
(p < 0.05). This indicated that patients performed significantly
different depending on the start or stop event detection.

Regarding the WD value, ST obtained the best results for
both start and stop models (bold text in Table 6), with lower
FP/min and higher TPR and Acc. Looking at Table7, WD
results were similar in average for healthy subjects and patients,
not showing the apparently superior performance that offline
analysis attributed to healthy subjects. The same table also
shows that ST presented the highest WD value for both healthy
subjects and patients. HHT was again the method with the
most irregular performance, as the lower WD value and higher
standard deviation in Tables 6, 7 indicate. The HHT result was
specially low in the case of the stop model of patients which was
the reason of the previously detected difference in the pairwise
comparison.

4. DISCUSSION

A new BMI based on ST has been compared to another signal
analysis technique (HHT) and a traditional transform (FFT). The
tests were done for sixteen different subjects: eight healthy and
eight with lower limb disabilities. With the help of a recently
developed comprehensive index (WD), the different processing
methods were evaluated in an offline and a pseudo-online
scenario.

From the point of view of the differences between start
and stop event detection of gait, offline analysis seemed to

perform better for the stop detection. However, the pseudo-
online approach offered a similar performance in average, with
the same WD value in the case of the ST method. In addition,
statistical analysis showed no significant differences between the
start and stop models. Therefore, as pseudo-online model is a
more adequate way to represent the performance of the BMI in a
real-time scenario, it can be concluded that both event detection
models (start/stop) are similar.

Another conclusion is related to the individual performance
of the sixteen participants. Results of Tables2, 5 show that
BMI performance was dependent on the subject, as the
performance of each of them was substantially different. This
means that the subjects need some time to get used to the
BMI in order to improve their results. However, there were not
significant differences between healthy subjects and patients in
the MANOVA test. Therefore, it is not needed to personalize the
BMI depending on the type of subject.

Regarding the different methods of analysis, indices showed
that ST obtained the best results with better Acc and TPR, and
even zero FP/min for certain subjects. All the models showed
higher WD value in average for ST (bold text in the tables) which
demonstrates the better performance of this transform. This is
mainly due to the analytical nature of ST that makes it a more
robust method than HHT. HHT had an irregular performance
with the lowest WD value for the start offline model of both
type of subjects and the stop pseudo-online model of patients
(WD < 0.4), but with similar results to the other methods in
the rest of the cases (WD > 0.55). HHT was also the method
with the highest standard deviation for all the models. The cause
of this irregular behavior is the EMD algorithm. EMD did not
always achieve to extract the different components related to the
bands of frequency considered in the paper. If the EMD of an
epoch mixes several tones in a IME H(w,t) is not computed
correctly and the h(w) does not provide the three features per
electrode in a constant way, which affects the classifier and the
event detection. FFT performed as the second best method, but
as it is not based on instantaneous amplitude and frequency,
provided a worse determination of the transition from a relax
to a starting gait state, and from a gait to a stopping gait state
than ST.

The comparison of this work with previous works is not
trivial. First, there are not many studies about detection of
intention of start and stop gait for lower limb that provide the
three parameters: TPR, FP/min and Acc. In addition, the FP/min

Frontiers in Neuroscience | www.frontiersin.org

59

November 2017 | Volume 11 | Article 660


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ortiz et al.

Application of ST to EEG

can be computed differently depending on the approach. For
instance, a different number of consecutive detections could be
specified, or a statistical mode threshold could be used. And
finally, WD is hardly used as a comparison index because it was
recently developed.

In Jiang et al. (2015) an offline approach for single-trial
detection of gait initiation from movement related cortical
potentials was presented. The study, carried out for nine subjects,
provided the following averaged results: TPR = 76.80 £ 8.97%
and FP/min = 2.93 £+ 1.09. No Acc was indicated in the
paper, being TPR a bit lower and FP/min a bit higher than
the offline ST results shown in Table3 for the start model
(TPR = 83.45 & 10.98% and FP/min = 2.88 £ 1.27). Looking
at previous work of the authors based on FFT (Hortal et al.,
2016b), Table2 of the reference shows averaged indices of
TPR = 54.8 £ 9.3% and FP/min = 2.66 = 2.24 for the offline start
and stop gait intention of six subjects (no Acc provided). This
example allows to compare the results in a similar scenario with
more subjects under analysis. In our research, the same averaged
indices (start and stop) show also an improvement: TPR = 78.82
=+ 12.39% and FP/min = 2.25 £ 1.28.

It has been demonstrated that the BMI developed allows to
detect the start and stop of gait intention through the use of
EEG signals improving the accuracy obtained. Future research
will aim the online implementation of the BMI with a motion
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For safe application of exoskeletons in people with spinal cord injury at home or in the
community, it is required to have completed an exoskeleton training in which users learn
to perform basic and advanced skills. So far, a framework to test exoskeleton skills is
lacking. The aim of this study was to develop and test the hierarchy and reliability of
a framework for measuring the progress in the ability to perform basic and advanced
skills. Twelve participants with paraplegia were given twenty-four training sessions in
8 weeks with the Rewalk-exoskeleton. During the 2nd, 4th, and 6th training week the
Intermediate-skills-test was performed consisting of 27 skills, measured in an hierarchical
order of difficulty, until two skills were not achieved. When participants could walk
independently, the Final-skills-test, consisting of 20 skills, was performed in the last
training session. Each skill was performed at least two times with a maximum of three
attempts. As a reliability measure the consistency was used, which was the number
of skills performed the same in the first two attempts relative to the total number. Ten
participants completed the training program. Their number of achieved intermediate
skills was significantly different between the measurements Xg2(2) = 12.36, p = 0.001.
Post-hoc analysis revealed a significant increase in the median achieved intermediate
skills from 4 [1-7] at the first to 10.5 [5-26] at the third Intermediate-skills-test. The
rate of participants who achieved the intermediate skills decreased and the coefficient of
reproducibility was 0.98. Eight participants met the criteria to perform the Final-skills-test.
Their median number of successfully performed final skills was 16.5 [13-20] and 17
[14-19] skills in the first and second time. The overall consistency of >70% was
achieved in the Intermediate-skills-test (73%) and the Final-skills-test (81%). Eight out of
twelve participants experienced skin damage during the training, in four participants this
resulted in missed training sessions. The framework proposed in this study measured the
progress in performing basic and advanced exoskeleton skills during a training program.
The hierarchical ordered skills-test could discriminate across participants’ skill-level and
the overall consistency was considered acceptable.

Keywords: spinal cord injury, exoskeleton, paraplegia, ambulation, skills
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INTRODUCTION

Worldwide the incidence of Spinal Cord Injury (SCI) is 180,000
cases per annum (Lee et al., 2014) of whom 50% have a
complete lesion and become wheelchair-designated for their
mobility (Wyndaele and Wyndaele, 2006). A lifetime of sitting
has been associated with an increased risk of multiple secondary
complications, such as pressure ulcers, spasticity, and worsening
of bladder and bowel dysfunction (Jensen et al., 2013; Adriaansen
et al., 2016). Exoskeletons (external active orthosis) make it
possible for people with paraplegia to regain their standing and
walking mobility by generating the basic motions for ambulation
e.g., standing-up, sitting-down, standing, and walking. Similar to
other standing and robotic gait training devices (Middleton et al.,
1997; Dunn et al., 1998; Mirbagheri et al., 2015), exoskeletons
have the potential to prevent secondary health complication
(Miller et al., 2016). The main benefit of exoskeletons compared
to other robotic gait training devices (such as Lokomat®) is
that exoskeletons can be used at home and in the community
outside of a clinical setting (Federici et al., 2015). However,
several risks are identified with exoskeleton use such as falls, joint
misalignment, skin damage, software malfunctions, electrical and
fire hazard, and user errors (He et al., 2017). So far, the chance
and extent of the risks are not well understood (He et al., 2017).
Furthermore, manufacturers require an intensive training period
before home and community use is allowed.

A prerequisite for safe and independent home and community
exoskeleton use, is that users are able to perform basic and
advanced exoskeleton skills. Previous research mainly focussed
on the basic skills (sit-to-stand, stand-to-sit, and walking) and
has shown that basic skills can be learned in a 25 sessions-
training program with varying levels of assistance (Spungen et al.,
2013; Kozlowski et al., 2015; Platz et al., 2016). The basic skills
are highly relevant for use in a clinical setting, but for safe
independent community use more advanced skills are required,
including arresting gait on command, passing door thresholds,
low curbs and ramps and controlling the input device (Spungen
et al,, 2013; Yang et al.,, 2015). The control of and interaction
with the exoskeleton is diverse across the different exoskeletons
available on the market. Moreover, some exoskeletons are more
difficult or impossible to control dependent on the level and
severity of the SCI of the user (Bryce et al., 2015). Several studies
tested advanced skills in a limited number of motor complete SCI
patients (Spungen et al., 2013; Hartigan et al., 2015; Kozlowski
et al., 2015; Benson et al., 2016; Platz et al., 2016). However,
the advanced skills were not tested in a systematic way and
for example Spungen et al. concluded that the skills could have
been introduced earlier in the training program (Spungen et al.,
2013). So far, a systematic framework to structure, test and
evaluate exoskeleton skills during a training program is lacking.
Therefore, the aim of this study is to develop a framework
to measure the progress in the ability to perform exoskeleton
skills. The proposed framework consists of exoskeleton skills
arranged into a hierarchy so that the difficulty increased with
each tested skill. If the exoskeleton skills formed a true hierarchy
and a skill was not achieved, it can be assumed that the
participant would not achieve all higher skills and would achieve
all lower skills. Therefore, arranging the skills into a hierarchy

would reduce the time and effort of the exoskeleton-skills-
test (Tyson and DeSouza, 2004). Furthermore, it is essential
that the exoskeleton-skill-tests in the framework are reliable.
Accordingly, the skills had to be performed consistent to reduce
the change of misjudging the participants’ skill-level.

Before an advanced exoskeleton skill-level can be achieved,
an intensive training program with multiple training sessions
per week over a longer period of time is required. The risk
factors associated with such an intensive training program are
still not well understood (He et al., 2017). However, it can be
expected that such an intensive training program decreases the
risk of falls, joint misalignment and user errors and increases the
safety of exoskeleton home and community use. On the contrary,
intensive exoskeleton use increases the risk of skin damage and
bruises. Previous research concluded that in hospital training
with an exoskeleton was safe (Zeilig et al., 2012; Esquenazi, 2013;
Kolakowsky-Hayner et al., 2013; Kubota et al., 2013; Spungen
et al., 2013). However, other studies disclosed mild to moderate
skin damages in half of the participants (five out of ten) (Benson
etal., 2016) (four out of seven) (Platz et al., 2016). Other reported
complications were a fracture of the talus (Louie et al., 2015)
and venous-lymphatic stasis in the lower limbs (Onose et al.,
2016). Hence, assessing the occurrence of complications such
as skin damage, muscle or joint pain, incontinence problems,
device related errors, fractures, venous-lymphatic stasis, and falls
during an exoskeleton training program is important for clinical
recommendations.

In conclusion, the main objective of this study was to develop
and test a framework for measuring the progress to perform
basic and advanced exoskeleton skills in a group of individuals
with motor complete SCI. The hierarchy and the reliability of
the exoskeleton-skills-test in the framework was evaluated. As a
secondary outcome, complications such as skin damage, muscle
or joint pain, and incontinence problems resulting from the
intensive exoskeleton training program were assessed.

MATERIALS AND METHODS

Participants

People with paraplegia who gained knowledge about the
exoskeleton technology throughout the media and who were
interested in testing the potential of an exoskeleton contacted
the rehabilitation center of the Sint Maartenskliniek to participate
in this study. Eligible persons were adult patients in the chronic
phase (>6 months) with a motor complete SCI [American Spinal
Injury Association Impairment Scale (AIS) A or B] between
Thoracic 1 (Thl) and Lumbar 1 (L1). The exclusion criteria
were physical factors that hamper proper functioning of the
exoskeleton, such as severe spasticity (Modified Ashworth Scale
> 3), taller than 1.90m or smaller than 1.60 m, bodyweight
above 100kg, and restricted range of motion in the hip, knee,
or ankle joint. Other exclusion criteria were inability to control
crutches, unable to make a transfer from a chair to a wheelchair
without the use of external support, and patients with conditions
that could interfere with the motor learning process (e.g.,
stroke). Potential subjects with an increased risk of adverse
events such as patients with osteoporosis, fractures of the lower
extremities in the last 2 years, balance disorders, neurogenic
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heterotopic ossification and pregnancy were also excluded. All
participants gave written informed consent in accordance with
the Declaration of Helsinki. The study was approved by the
medical ethics committee of Arnhem-Nijmegen (2016-2418) and
the internal review committee of the Sint Maartenskliniek.

Procedure

All exoskeleton training sessions and measurements were
performed in the sports hall at the rehabilitation center. Prior
to the start of the training a brief physical examination by a
rehabilitation physician was performed, in which the in- and
exclusion criteria of the study were checked. Participants were
given twenty-four training sessions of 1.5-h over an 8 week
period. Three physical therapists were trained by ReWalk™
Robotics to give the exoskeleton training. During each session
at least two physical therapists were present to assure safety.
The exoskeleton and the Lofstrand crutches were adjusted to the
patients’ body composition during the first training session. After
each training the physical therapists notated the skills that were
practiced. Participants kept a logbook during the entire study
including any complications such as skin abrasions, muscle or
joint pain, falls, and incontinence problems. The logbook was
filled out at least three times a week. To assess the progress
in achieved skills the participants’ skill-level was tested every
2 weeks during a training session. In total the skill-level was
assessed four times during the study, three times with the
Intermediate-skills-test and one time with the Final-skills-test.

Intermediate- and Final-Skills-Test

The Intermediate-skills-test was performed in training week 2, 4,
and 6. The Intermediate-skills-test consisted of 27 skills, which
were measured separately of each other and were arranged into
a hierarchy so that the difficulty increased with each skill. The
intermediate skills were sorted into three categories; standing,
walking, and advanced skills. Each subsequent category required
more control of the user over the exoskeleton. Within each
category the complexity of the skills also increased. In the
standing skills the feet of the user remained roughly at the same
place and participants learned to use their crutches, whereas there
was displacement of the feet in the walking and advanced skills.
In the walking skills, the increase of difficulty was related to
the decrease in level of assistance and number of involuntary
stops. In the advanced skills an additional task was performed
while walking. The complexity of the task increased from walking
turns with a decrease in number of involuntary stops to passing
obstacles to passing obstacles that require raising or lowering of
the center of mass (walk up and down a martial arts mat). An
overview of the 27 skills of the Intermediate-skills-test is given in
Table 1. Each intermediate skill was performed at least two times
with a maximum of three attempts. An intermediate skill was
considered achieved when the skill was performed independent
without assistance of the exoskeleton trainer in at least two out of
three attempts. The Intermediate-skills-test continued until two
skills were not achieved. Participants were allowed to take rest
between the various skills tested. A more detailed description of
the Intermediate-skills-test is provided in Supplementary Table 1
(available online).

TABLE 1 | Assessed exoskeleton skills in the Intermediate-skills-test.

Category Order Intermediate skill
Standing skills 1 Weight shifting forward and backward and to
the right and left
2 Touching the wristband during standing
3 Sit-to-stand
4 Stand-to-sit
Walking skills 5 Walk 10 m with assistance (with max. 2 stops)
6 Stop with the preferred leg
7 Stop with the not preferred leg
8 Walk 10 m without assistance (with max. 2
stops)
9 Walk 10 m without assistance (without stops)
Advanced skills 10 Arrest gait at command

1 Walk a 90° curve to the right (with max. 1 stop)

12 Walk a 90° curve to the right (without stops)

13 Walk a 90° curve to the left (with max. 1 stop)

14 Walk a 90° curve to the left (without stops)

15 Walk a 180° curve (radius 1.8 m) to the right
(with max. 1 stop)

16 Walk a 180° curve (radius 1.8 m) to the right
(without stops)

17 Walk a 180° curve (radius 1.8 m) to the left
(with max. 1 stop)

18 Walk a 180° curve (radius 1.8 m) to the left
(without stops)

19 Arrest gait nearby a vaulting box (height 1.1 m)
and move a cone at chest height

20 Pass a narrow passage (width 0.8 m) (with
max. 1 stop)

21 Arrest gait nearby a door (width 0.8 m), open
the door away from you and enter (with max. 1
stop)

22 Arrest gait nearby a door (width 0.8 m), open
the door toward you and enter (with max. 1
stop)

23 Arrest gait near a chair (height 0.5 m) and pivot
turn to sit down

24 Pass an upward and downward sloping
doorstep (angle up 11.3°and down 16.7°,
height 0.08 m) (with max. 1 stop)

25 Walk up a martial arts mat (height 0.04 m) (with
max. 1 stop)

26 Walk down a martial arts mat (height 0.04 m)
(with max. 1 stop)

27 Walk a slalom around 4 badminton poles
(distance between poles 3.0 m) (with max. 2
stops)

The Final-skills-test was performed during the last training
week (week 8) in the final training session. A prerequisite
for performing the Final-skills-test was that participants could
control the remote control and walk without assistance of the
exoskeleton trainer. The Final-skills-test consisted of a fixed
set of 20 skills and was performed two times with a 5min
break in between. In contrast to the Intermediate-skills-test,
the tested exoskeleton skills were measured in sequence during
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the Final-skills-test, simulating daily life situations in which
skills are rarely performed independent of each other. Moreover,
performing skills in sequence made it more difficult to achieve a
skill than performing skills independent from each other (e.g.,
arresting gait immediately after a sharp curve compared to
arresting gait independent of the previous action). In the Final-
skills-test the focus was on independent performance of skills and
the number of stops was not taken into account. Furthermore,
the basic intermediate skills (e.g., weight shifting, touching the
wristband, sit-to-stand, and assisted walking) are required in
performing most of the skills and were not tested separately. In
order to assess the test in a sports hall with as little material as
possible, the advanced intermediate skill of opening a door was
not part of the Final-skills-test. To assure safety, the exoskeleton

trainer walked behind the participant but did not intervene unless
the participants lost their balance and could fall. The final skills
were considered achieved when the participants performed the
skills without assistance of the exoskeleton trainer. In Figure 1 a
schematic representation of the Final-skills-test is given.

Equipment

In this study, two wearable robotic exoskeletons that enable
powered hip and knee motion from ReWalk™ Robotics were
used; (1) the ReWalk™ Rehabilitation System and (2) the
ReWalk™ Personal 6.0. The exoskeleton systems provided user-
initiated mobility through the integration of a wearable brace
support, a computer-based control system and motion sensors.
The exoskeleton systems have the Class II FDA clearance for
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FIGURE 1 | Schematic representation of the top view of the Final-skills-test. Arrows represent the walking direction.
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both use in a rehabilitation setting as well as personal use. All
participants started training with the ReWalk™ Rehabilitation
System. Only participants who met de criteria to perform
the Final-skills-test used the ReWalk™ Personal 6.0 system
as well.

Data and Statistical Analysis

To assess if the proposed framework measured the ability to
perform basic and advanced exoskeleton skills throughout an
exoskeleton program, the skill-tests in the framework should
measure progression in the number of achieved skills and show
distinct skill-levels between participants. The skills should be
arranged into a hierarchical order of difficulty. Moreover, the
skills tested in the framework should be performed consistent. In
addition, the relation between the Intermediate- and Final-skills-
test was determined.

Achieved Intermediate Skills

The number of achieved skills was analyzed using descriptive
statistics (median and ranges). Differences in the number of
achieved skills between the three Intermediate-skills-test was
assessed with the non-parametric Friedman test (o = 0.05).
In case of a significant Friedman test, Wilcoxon post-hoc test
with Bonferroni correction (o = 0.017) was used to determine
changes. The number of participants who showed the expected
increase in number of achieved skills over the three intermediate
measurements was determined. Each intermediate skill was
also analyzed separately for the number of times a skill was
achieved.

Hierarchy of the Skills

The hierarchy of the skills tested in the Intermediate-skills-
test was analyzed according to two measurements (1) the rate
of participants achieving each intermediate skill and (2) the
coefficient of reproducibility (Tyson and DeSouza, 2004). Both
tests are based on the theoretical expectation that the participants
ability to achieve a skill would decrease as the difficulty of the
task increased. For a more detailed description see Tyson and
DeSouza (2004). The coefficient of reproducibility was calculated
with the formula described by Tyson and DeSouza: Coefficient of
reproducibility = 1 — scaling errors/(number of skills x number
of observations; Tyson and DeSouza, 2004). In which scaling
errors is the number of participants who did not achieve the
skills in the predetermined order. Since participants progressed
during the training each intermediate skills measurement was
considered as a separate observation in the analysis. A coefficient
of reproducibility of at least 0.9 was considered acceptable
(Guttman, 1944; Tyson and DeSouza, 2004).

Achieved Final Skills

The number of achieved final skills was analyzed using
descriptive statistics (median and ranges). Each final skill was also
analyzed separately for the number of times a skill was achieved.
The correlation between the number of achieved skills in each
skills-test was assessed with Kendall’s rank correlation coefficient
(Kendall’s Tau).

Consistency

The consistency in the number of exoskeleton skills which
were performed the same in the first two attempts (successful-
successful or failure-failure) relative to the total number of
performed skills was used as a reliability measure of the
Intermediate-skills-test and the Final-skills-test. An overall
consistency of >70% was considered reliable. Each intermediate
skill and final skill was also analyzed separately for the number
of times a skill was tested, performed consistent and performed
successful.

Complications

To assess the occurrence of complications during an exoskeleton
training program both the physical therapists and participants
filled out a logbook after each training session including any
complications. The reported complications such as the number
of skin damages, location of skin damages, incidence of reported
muscle or joint pain, number of incontinence problems, device
related errors, fractures, venous-lymphatic stasis and falls during
the exoskeleton training program were analyzed using descriptive
statistics.

RESULTS

Participants

Out of 12 participants 10 (83%) completed the training program.
Reasons for not completing the training program were inability
to learn the basic skills of the exoskeleton (stopped after seven
training sessions and performed the first Intermediate-skills-test)
and absence of perceived benefit (stopped after two training
sessions and did not perform an Intermediate-skills-test). Eleven
participants completed at least one Intermediate-skills-test, the
data of these participants was used in the analysis of the
hierarchy and consistency of the intermediate skills. Due to time
constraints, one participant was not able to perform the skills a
second time during the Final-skills-test. For this participant the
set of final skills was repeated twice one week later. The data
of the second Final-skills-test was only used for the consistency
analysis whereas the first Final-skills-test was used for the analysis
of the achieved skills after the training program. We do not
expect that this had an impact on the outcome of the current
study. An overview of the patient characteristics is given in
Table 2.

TABLE 2 | Patient characteristics.

Total (N = 12)
Gender (male/female) 7/5
Age (years), median [range] 42 [24-56]
Level of SCI, median [range] Thoracic 9 [4-11]
Post-injury (months), median [range] 75 [24-276]
AlS* (A/B) 111

*AIS, American Spinal Injury Association Impairment Scale.
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Achieved Intermediate Skills

The Friedman test revealed a significant difference between
the number of achieved intermediate skills between the
measurements [Xp2(2) = 12.36, p = 0.001]. Post-hoc analysis
revealed that the achieved intermediate skills significantly
increased from a median of 4 [1-7] at Intermediate-skills-test
one to 10.5 [5-26] at Intermediate-skills-test three. There was no
significant difference in the number of achieved skills between
Intermediate-skills-test one and two and between two and three.
Figure 2 shows the achieved intermediate skills per participant.
Five out of ten participants showed the expected increase in
number of achieved skills over the three measurements.

Detailed post-hoc analysis revealed that five of the
intermediate skills were achieved during all measurements
(see completely green bars in Figure 3). Three out of five
intermediate walking skills, and two advanced skills were
achieved in approximately half of the tested times, these skills are
highlighted with an “#”-sign in Figure 3.

Hierarchy of the Skills

In general, the rate of participants who achieved the intermediate
skills decreased. In three skills, the “walk 10 m without stops,”
“180° curve tot the right without stops,” and “open door toward”-
skill, the number of participants who achieved the skills was
smaller than skills later in the hierarchical order (Figure 4). The
coefficient of reproducibility was 0.98 (number of scaling errors:
14, number of skills: 27 and number of observations: 31 (10
participants with three observations and one participant with

one observations). The scaling errors occurred in nine different
skills (Intermediate-skill 3, 4, 6, 7, 9, 10, 12, 16, and 22) and in
eight out of eleven participants. Four scaling errors occurred in
Intermediate-skills-test one, three in Intermediate-skills-test two,
and seven in Intermediate-skills-test three.

Achieved Final Skills

Eight participants were able to walk without assistance between
the 18th and 23th training session and therefore met the
criteria to perform the Final-skills-test. The median number of
successfully performed final skills in these participants was 16.5
[13-20] and 17 [14-19] skills in the first and second time. In
the Final-skills-test, 15 skills were at least one time achieved by
all eight subjects (see Figure 5). The martial arts mat was not
achieved by half of the participants.

The number of achieved final skills in the first and the second
time were significantly correlated (r; = 0.75, p < 0.05) and not
significantly different (z = —0.71, p = 0.75, effect size = —0.18).
Table 3 revealed the correlation between the various skills-tests.
The number of achieved skill in none of the Intermediate-skills-
tests were significantly correlated with the achieved skills in any
other skill-tests.

Consistency

Eleven participants performed in total 235 intermediate skills,
of which 171 (73%) were performed the same in the first two
attempts (successful-successful or failure-failure).

Progression in achieved intermediate skills
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FIGURE 2 | Achieved intermediate skills measured with the Intermediate-skills-test one, two and three. Each line represents a participants. Thick red line represents
the median achieved intermediate skills. Dotted lines represent participants who did not perform the Final-skills-test.
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Performance of each intermediate skill
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FIGURE 3 | Times performed consistent and achieved of each separate intermediate skill. Numbers in brackets represent the number of tested participants.
Consistent = performed the same in the first two attempts (successful-successful or failure-failure). Achieved = at least two out of three successful attempts
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The number of participants who performed the skill, the
number of times a skill was measured, the number of times
a skill was performed consistent and the number of times
a skill was achieved is shown for each intermediate skill in
Figure 3. Eighteen skills were performed consistent in more than
70% of the times (highlighted with an “&”-sign in Figure 3).
Of these skills, 10 skills were performed consistent during all
Intermediate-skills-tests (see completely red bars in Figure 3).

Eight participant performed all twenty final skills twice
resulting in a total of 160 final skills. They performed 130 (81%)
final skills the same in both attempts. The median number of
inconsistent performed skills per participant was 2.5 [0-9]. An
overview of the consistent and inconsistent performances of each
final skill is depicted in Figure 5. Most skills were performed
consistently by seven (9 skills) or six (6 skills) participants.
Two skills were performed consistently by all participants
(highlighted with an “A’-sign in Figure 5), whereas three skills
were performed inconsistent by three participants (180° curve
to the right, slalom and martial arts mat) (highlighted with an
“N”-sign in Figure 5).

Complications
Eight out of twelve participants experienced device related skin
damage at the feet (n = 3), knee (n = 5), thigh (n = 3), pelvic

(n = 4), and/or trunk (n = 1) area. In four participants the skin
damage resulted in at least one missed training session, which
was rescheduled at the end of the training period. In case of
skin damage, extra padding was added to prevent reoccurrence of
the complication. As a result, most skin damage occurred in the
early phase of the training program. Seven participants reported
muscle or joint pain during the training program around the
hands/wrists (n = 2), arms (n = 3), shoulders (n = 3), neck (n =
3), trunk (n = 1), and/or back (n = 3). None of the complications
evolved into serious adverse events. During the entire study the
incidence of device related errors was three times in 218 training
sessions. No incontinence problems, fractures, venous-lymphatic
stasis or falls were mentioned by the participants or physical
therapists in the study.

DISCUSSION

In the present study, a framework for measuring the ability to
perform basic and advanced exoskeleton skills throughout an
exoskeleton training program was developed and tested. Ten
participants completed the training program and were tested
during the 2nd, 4th, and 6th training week. They showed an
increase in the achieved intermediate skills from four at the
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Number of participants who achieved each intermediate skill
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FIGURE 4 | Rates of achievement of each intermediate skill.

Advanced skills

first to 10.5 at the third Intermediate-skills-test. The rate of
participants who achieved the intermediate skills decreased and
the coefficient of reproducibility was 0.98. In the last training
week, eight participants successfully performed 16.5 and 17
skills in the Final-skills-test. An overall consistency of 73% in
the Intermediate-skills-test and 81% in the Final-skills-test was
achieved.

Similar to other assistive technologies, such as prostheses
and to a lesser extent wheelchairs, exoskeleton community use
is preceded with a training program. Although the type and
extent of the risks of exoskeletons are yet to be understood (He
et al., 2017), the risks associated with exoskeleton use seems
higher than with prostheses or wheelchair. The advantage of a
prostheses and a wheelchair is that it can be used independently
for ambulation in an early phase. Therefore, clinical tests such as
the timed up and go-test (Condie et al., 2006) or the mechanical
efficiency (Leving et al., 2016) can be used to evaluate the progress
in performance in using the assistive technologies. In contrast,
most people are not able to perform basic ambulation skills at the
start of an exoskeleton training program and multiple training
sessions are needed before independent ambulation is possible.
Assessing performance in using assistive technologies can also
be done with standardized skills-tests. For wheeled mobility
several skills-test, such as the wheelchair skills-test, are available
(Fliess-Douer et al., 2010). Until now there were no standardized

skills-test for exoskeleton performance. Several studies marked
the training session in which a skill with an exoskeleton was
performed with varying levels of trainer assistance (Spungen
et al., 2013; Hartigan et al.,, 2015; Kozlowski et al., 2015; Benson
et al.,, 2016; Platz et al., 2016). However, in these studies the
performed exoskeleton skills were kept up in a logbook and
the independent achievement of skills was not tested on a
regular bases. The main objective of this study was to develop
a framework for measuring the ability to perform basic and
advanced exoskeleton skills throughout an exoskeleton training
program.

A framework to assess the progress of exoskeleton skills
should consist of tests measuring achieved skills in a hierarchical
order of difficulty. As a consequence participants should progress
during an intensive exoskeleton training program. Although the
Friedman test revealed a significant difference in the number
of achieved skills between the Intermediate-skills-tests, these
results should be interpreted with care because several tied
ranks were observed and a small number of participants were
included. Nevertheless, the number of achieved intermediate
skills significantly increased from 4 at the first to 10.5 at the
third Intermediate-skills-test. Furthermore, nine and seven out
of ten participants had an increase in the number of achieved
skills between the first and second and the second and third
Intermediate-skills-test, respectively. However, such an increase
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Number of participants
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Zero out of two successful performed
[] ]

Performance of each final skill

FIGURE 5 | The number of consistent performances of each final skill. Green bars represent inconsistent performances in which one out of two attempt was
successful performed. Blue and red bars represent consistent performances. A = all performed consistent; N = <70% performed consistent.

TABLE 3 | Correlation (Kendall’'s tau) between all test moments.

Intermediate-skills-test 1

Intermediate-skills-test 2

Intermediate-skills-test 3 Final-skills-test 1 Final-skills-test 2

Intermediate-skills-test 1 —-0.15 (10)
Intermediate-skills-test 2
Intermediate-skills-test 3

Final-skills-test 1

0.29 (10) 0.08 (8) 0.21(8)
0.37 (10) 0.00 (8) —0.13(8)
0.15 (8) 0.32(8)

0.75(8)*

Digits in brackets represent the number of participants.
*Correlation is significant at the 0.05 level.

in number of achieved skills doesn’t automatically indicate that
the skills are in a correct order of difficulty. In the current study,
two measures were used to assess the hierarchy. According to
the coefficient of reproducibility (0.98) the intermediate skills
were in the correct order of difficulty (Guttman, 1944; Tyson and
DeSouza, 2004). The rate of the number of participants achieving
each skill revealed three skills (walk 10 m without stops, 180°
curve to the right without stops, and open door toward-skill)
that were achieved by a larger number of participants in the
subsequent skill. Detailed post-hoc analysis revealed that only
an unachieved “walk 10 m without stops”-skill was followed by
achieved skills in more than two observations (five observations).
Covering a distance of 10m without stops was the last basic
skills before advanced skills were tested. The advanced skills
consisted of an additional task during walking such as a sudden
stop, curves or passing a doorstep, but a shorter distance of

~3m had to be covered. The length of the skill of walking a
distance of 10 m increased the chance of errors and not achieving
the skill. Two other studies (Spungen en Platz) also recorded
the moment the 10m walking skill was performed without
assistance, four (Spungen et al., 2013) and one (Platz et al.,
2016) out of seven participants were able to perform the skill
independent within 24 training sessions. Indicating the difficulty
of walking 10 m without assistance. In the current study each test
session was scheduled in advance within a training session and
an extra person was present during the skills-test. As a result,
most participants were more stressed during the skills-test than
during other training sessions. An increased stress level could
evoke more spasticity (Fleuren et al., 2009) causing involuntary
stops, which particularly influenced the achievement of the “10 m
walking skill without stops”-skill. Because walking without stops
is crucial in performing most advanced skills, we prefer to keep
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the proposed order of the skills. However, for future research
we would advise to change the order of the Intermediate-skills
for the “walking curves” according to the preference of the
patient.

In addition to assess the progression, the framework had to
discriminate across participants. In all Intermediate-skills-tests,
differences between participants were apparent. After 2 weeks
of exoskeleton training participants were only able to perform
basic skills, but varied between standing and walking skills.
This was in line with the findings of Spungen et al. (2013).
In the current study, all participants were able to perform all
intermediate standing skills without assistance after 4 and 6
weeks of training, but differed in walking and advanced skills. In
addition to differences across participants at the Intermediate-
skills-tests, participants showed various learning curves. The
low correlation between the three Intermediate-skills-tests (r;
between —0.15 and 0.37) supports the various learning process
across participants. In conclusion, the framework proposed in
this study measured the progress in the ability to perform basic
and advanced exoskeleton skills, had the skills in a hierarchical
order of difficulty and could discriminate across participants.

A second important prerequisite of the framework is that
the tested skills were reliable. An overall consistency of 73%
in the Intermediate-skills-test and 81% in the Final-skills-test
was achieved. Detailed analysis revealed several skills that had
a consistency of <70% (see Figures 3, 5). Remarkable was a
lower consistency for the same skills in the Intermediate-skill-
test compared to the Final-skill-test or vice versa. A consistency
below 70% in the Intermediate-skill-test whereas a consistency
above 70% in the Final-skill-test was met for the skills: sit-to-
stand, stopping with the preferred or not preferred leg, arresting
gait at command, passing a narrow passage, and pivot-turn to
sit. The lower consistency of the intermediate skills were possibly
due to the learning process. During the Intermediate-skills-test
participants had to perform skills they practiced only once or
twice without assistance. As a result, the skill was sometimes
successfully performed by chance instead of competence and
therefore participants were unable to perform the skill consistent.
Therefore, we recommend that a skill should be performed
at least two times when tested. The skills 180° curve to the
right, slalom and martial arts mat had a low consistency in the
Final-skills-test whereas a high consistency was obtained in the
Intermediate-skills-test. These skills were performed by only a
minority of the participants during the Intermediate-skills-tests
indicating that most participants were only in the last training
sessions at a level that they could practice these advanced skills.
Nevertheless, the majority of the tested skills were performed
consistent in the Intermediate- and Final-skills-test. Therefore,
considering a skill achieved after two out of three successful
attempts seems a good assumption to evaluate the skill-level.

In order to achieve exoskeleton skills, participants received
multiple training sessions per week over an 8 week period.
Such an intensive training program yields the potential of
complications such as bruises and other skin damage. Most
previous studies indicated that in hospital training with an
exoskeleton was safe (Zeilig et al., 2012; Esquenazi, 2013;
Kolakowsky-Hayner et al., 2013; Kubota et al., 2013; Spungen

et al,, 2013; Miller et al., 2016). Although other studies disclosed
mild to moderate skin damages in half of the participants (five
out of ten) (Benson et al., 2016) (four out of seven) (Platz
et al,, 2016), the intensity (session per week) and duration of the
training period in this study was similar to most previous studies
(Spungen et al., 2013; Benson et al., 2016; Miller et al., 2016; Platz
etal., 2016). In the current study, eight out of twelve participants
experienced skin damage during the training program. In four
cases this skin damage resulted in at least one missed training.
Whereas all skin damages reported in the study of Benson and
none of the skin damages reported by Platz led to discontinuation
of the training (Benson et al., 2016; Platz et al., 2016). Because of
extra padding in the early phase of the training program, skin
damage rarely occurred in the later phase. In addition, during
the whole training program special care was taken to the correct
joint alignment. Therefore, none of the patients had to reduce
the training intensity in the later phase of the training program.
Moreover, it suggests that special attention to joint alignment and
padding during the training reduces the risk of skin damage.

In the current study, the Rewalk exoskeleton was used.
In the current study, the ReWalk exoskeleton was used.
Nowadays, there are multiple exoskeletons available on the
market, which have their specific interaction with and control
of the exoskeleton. As a consequence the hierarchical order of
the skills in the framework might be slightly different between
exoskeletons. The main difference between the current available
exoskeletons for home and community is the control of initiation
of gait, arresting of gait, and involuntary stops. For example, to
initiate gait, the ReWalk and Ekso require a forward and lateral
shift of the trunk, the Indego exoskeleton requires a forward
trunk excursion, and the Rex exoskeleton does not require any
trunk movement (Bryce et al, 2015). Despite the differences
in interaction with and control of the exoskeleton, all skills
proposed in the current study are relevant and applicable to the
current available exoskeletons. Standing and walking skills are
presumed to be achieved before users can perform additional
advanced skills, which are mostly performed during walking.
The first eight advanced skills, require less interaction with the
environment. Within these skills a distinction was made in the
fluency of the performance (with or without stops). Therefore,
we expect that the hierarchical order of the first 18 intermediate
skills can be applied to other exoskeletons. The hierarchical
order of the last nine advanced skills might be slightly different
across exoskeletons due to the difference in interaction with and
control of the exoskeleton. However, achieving one of these skills
indicates a highly advanced exoskeleton skill level.

The skills-tests proposed in this framework were based on
independent performance of exoskeleton skills, but did not take
the quality of the performance into consideration. For future
research, the quality of how a skill is performed might be
of interest in addition to if it is possible to perform a skill
independent. Moreover, all exoskeleton skills in this study were
assessed in a clinical setting and it remains unknown which skills
are relevant and which skill-level is necessary for safe community
use. Therefore, future research should focus on community use
of an exoskeleton and its relation to the skill-level during the
training period measured with the proposed framework.
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CONCLUSION

The framework proposed in this study measured the progress
in performing basic and advanced exoskeleton skills during
a training program. The hierarchical ordered skills-test
could discriminate across participants skill-level. The
overall consistency of the performed exoskeleton skills was
considered acceptable.

DISCLOSURE

The exoskeleton training of the physiotherapists by ReWalk
Robotics was given before the start of the study and
ReWalk Robotics does not have any influence on the entire
study.
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Haptic cues are important for balance. Knowledge of the temporal features of their effect
may be crucial for the design of neural prostheses. Touching a stable surface with a
fingertip reduces body sway in standing subjects eyes closed (EC), and removal of haptic
cue reinstates a large sway pattern. Changes in sway occur rapidly on changing haptic
conditions. Here, we describe the effects and time-course of stabilization produced by a
haptic cue derived from a walking cane. We intended to confirm that cane use reduces
body sway, to evaluate the effect of vision on stabilization by a cane, and to estimate
the delay of the changes in body sway after addition and withdrawal of haptic input.
Seventeen healthy young subjects stood in tandem position on a force platform, with
eyes closed or open (EQ). They gently lowered the cane onto and lifted it from a second
force platform. Sixty trials per direction of haptic shift (Touch — NoTouch, T-NT; NoTouch
— Touch, NT-T) and visual condition (EC-EQ) were acquired. Traces of Center of foot
Pressure (CoP) and the force exerted by cane were filtered, rectified, and averaged. The
position in space of a reflective marker positioned on the cane tip was also acquired
by an optoelectronic device. Cross-correlation (CC) analysis was performed between
traces of cane tip and CoP displacement. Latencies of changes in CoP oscillation in the
frontal plane EC following the T-NT and NT-T haptic shift were statistically estimated.
The CoP oscillations were larger in EC than EO under both T and NT (p < 0.001)
and larger during NT than T conditions (p < 0.001). Haptic-induced effect under EC
(Romberg quotient NT/T ~ 1.2) was less effective than that of vision under NT condition
(EC/EO ~ 1.5) (p < 0.001). With EO cane had little effect. Cane displacement lagged
CoP displacement under both EC and EO. Latencies to changes in CoP oscillations
were longer after addition (NT-T, about 1.6 s) than withdrawal (T-NT, about 0.9 s) of haptic
input (o < 0.001). These latencies were similar to those occurring on fingertip touch, as
previously shown. Overall, data speak in favor of substantial equivalence of the haptic
information derived from both “direct” fingertip contact and “indirect” contact with the
floor mediated by the cane. Cane, finger and visual inputs would be similarly integrated
in the same neural centers for balance control. Haptic input from a walking aid and its
processing time should be considered when designing prostheses for locomotion.

Keywords: sensorimotor integration, haptic sense, cane, standing balance, center of pressure, time to stabilization
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INTRODUCTION

Powered exoskeletons enable persons with various walking
problems to ambulate over the ground. Several of these devices
require the use of crutches to ambulate and maintain balance
(Wang et al., 2015; see Asselin et al., 2016). Beyond their obvious
mechanical effects (Bateni and Maki, 2005), crutches are a critical
source of somatosensory inflow that provides information about
body orientation with respect to the supporting surface through
“extended physiological proprioception” (Simpson, 1974).

In this exploratory study, we asked whether the stabilizing
effect on static balance of haptic information from a cane can
be likened to that of haptic input from a light fingertip touch
or to that of vision. It is well-known that haptic input reduces
body sway during stance. Haptic input modifies spinal reflex
excitability and the postural set even if it does not mechanically
stabilize posture (Schieppati and Nardone, 1995; Jeka et al., 1996;
Bove et al., 2006; Huang et al., 2009). The force exerted by the
subjects onto a lightly touched stable frame need not be larger
than 1 Newton (N) in order to induce the stabilizing effect
(Kouzaki and Masani, 2008). The effect is similar to that obtained
by opening the eyes with respect to standing eyes closed (Paulus
et al.,, 1984; Sozzi et al., 2012; Honeine et al., 2015). Hence,
addition of vision and haptic sense to the inherent proprioceptive
inflow make the control of stance more effective (Jeka and
Lackner, 1994, 1995; Sozzi et al., 2011, 2012; Honeine et al., 2015).

Haptic supplementation in elderly subjects or in patients with
moderate to severe balance and gait impairment, as well as in
blind subjects, is often dependent on their use of a cane (Jeka
et al., 1996; Maeda et al., 1998; Hirahara et al., 2006; Albertsen
et al., 2012; Guillebastre et al., 2012; Perreira et al., 2017; see
Berglund, 2017, for an interesting point of view on the use of a
cane). The cane would help these persons to compensate for their
diminished cutaneous sensation from the feet (Peters et al., 2016)
and to move independently while reducing their risk of falling,
but it is normally used when standing as well, particularly in an
unfamiliar environment or in presence of joint pain, or so. In
people with neurological disorders of various nature, the cane is
used to increase postural stability and to reduce the load on the
weight-bearing lower extremities (Laufer, 2003; see Hamzat and
Kobiri, 2008, for a complementary opinion).

The relevance of the supplementary haptic input for balance
is further highlighted by the rapidity of the changes in sway
as a consequence of adding or withdrawing the haptic or the
visual information. Recently we estimated, in a population of
young healthy subjects standing in tandem Romberg posture,
the time-period necessary for the central nervous system to
integrate the new sensory information and reweight its impact
(or, in the case of withdrawal, to withstand the removal of the
supplementary information and return to the proprioception-
driven control; Sozzi et al, 2012; Honeine et al.,, 2015; see
Honeine and Schieppati, 2014). In those experiments, the haptic
information was a gentle touch (active or passive) of a firm
surface exerted by the tip of the index finger or its removal by
suddenly detaching surface and/or finger. The time necessary for
the integration of haptic information, as assessed by the onset of
the slightest detectable reduction in body sway, was >1's, while

that observed in the case of haptic withdrawal was significantly
shorter. Next, a reweighting process led to a new dynamic steady-
state in some 4-5s in both cases. These time-intervals were not
different from those measured by adding or withdrawing visual
information (Sozzi et al., 2012).

With a cane, the haptic input is indirect, through a tool instead
of by direct touch onto a stable frame with their own index finger.
Sensory information would be produced by the cane touching
the solid surface at some distance from the body, and by the
subject being free to slide the cane on the ground. Conversely,
in our previous investigations with finger touch, the solid surface
touched by the fingertip was very close to the anterior surface of
the trunk so that the vertical projection to the ground of this spot
was at the border of the body’s support surface defined by the feet
position, and the wavering of the finger was very circumscribed
(Sozzi et al., 2011, 2012; Honeine et al,, 2015). The sensory input
would also differ compared to that occurring on touching a
frame with the finger because the perception of the contact would
possibly rely on different sensory receptors. The contribution to
the haptic input from upper limb muscle receptors (Rabin et al.,
2008) would be perhaps more important for signaling the contact
of the cane with the ground than the light-touch information
from the skin of the fingertip.

Similar amounts of sway stabilization and similar latencies
to stabilization for finger and cane touch would be in keeping
with the hypothesis that an integration process is initiated by
the haptic stimulus at the hand-cane interface, as if the fingers
themselves touched a solid surface at the time-instant the cane
touches the ground. A larger body sway and a longer latency
to stabilization would speak instead of the need to include the
computation of the actual location of the forearm and cane-tip
touching-point into the reference frame for the control of body
orientation in space. If the computation of the location of the
touching point is necessary in order to reconstruct the image
of the body-cane ensemble and calibrate the force of contact,
stabilization might take more time with respect to when subject
touches a solid surface with the fingertip directly.

We, therefore, assessed, in a population of normal young
subjects standing in tandem feet position, the effect of cane use
on body sway, and the time to stabilization or destabilization of
balance, on adding or withdrawing the haptic input produced
by the contact of the cane onto the ground. Our interest was
three-fold: (a) to assess whether the use of the cane was indeed
able to produce reduction of body sway, even if the cane was not
fixed to the ground, and to measure the size of the effect; (b) to
evaluate any effect of vision on the cane induced stabilization; (c)
to estimate the latency at which the CNS incorporates the haptic
information (or its withdrawal) connected with the cane stroke
to the ground.

METHODS
Subjects

Seventeen (7 males and 10 females) healthy subjects participated
in this study. Their mean values (£standard deviation, SD)
for age, weight and height were 25.7 years £ 6.6, 61.4kg
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£+ 10.6 and 167cm =+ 8. All procedures were carried out
in accordance with the Declaration of Helsinki and with
the adequate understanding and written informed consent of
each subject. The ethics committee of the “Istituti Clinici
Scientifici Maugeri” had approved the experiment (# 757
CEQ).

Task and Procedures

Subjects stood in tandem position on a force platform (Kistler
9286BA), with the great toe of the rear foot immediately behind
the heel of the front foot, with eyes closed or with eyes open.
With EO, subjects were simply asked to look in front of them,
and not to stare at any specific target. The visual scene of the
laboratory walls at 6 m distance contained both horizontal and
vertical profiles and sharp contours. Subjects chose which foot
was the rear foot (it was the right foot in 12 subjects). The
tandem posture was utilized to enhance medio-lateral sway (Sozzi
et al, 2011, 2012, 2013; Honeine et al., 2015). Subjects were
asked to hold with their dominant hand (right hand for all
subjects) a straight plastic cane of 1 m length and 100 g weight,
instrumented with a reflective marker fixed on the tip of the
cane.

After a verbal “go” signal given by the operator, subjects gently
lowered the cane onto (or lifted it from) a second force platform
equal to that mentioned above, which recorded the force applied
by the cane. This force platform was placed in front of the subject
and laterally spaced from the platform on which the subject
stood (there was a distance of 55cm from the center of the

first to that of the second platform; Figure 1A). Successive “go”
signals were given in a series, spaced by time intervals ranging
each from 20 to 25s, so that subjects periodically lowered the
cane and withdrew it from the platform in sequence. A few
practice trials were run to obtain touch forces on the platform
smaller than 1 N. Subjects were asked not to move the cane in
a reaction-time mode on hearing the verbal signal but to self-
pace the movement necessary for lowering or lifting the cane
from the ground when they felt so. Subjects underwent a series
of at least 60 trials per direction of shift (Touch — NoTouch,
T-NT; or vice versa NoTouch — Touch, NT-T) and per visual
condition (EC or EO). Data were collected during 20 subsequent
acquisition epochs of 240 s each (10 acquisition periods with EC
and 10 with EO). Therefore, each epoch contained six haptic
changes in which the cane was lowered onto the ground (NT-
T) and six changes in which the cane was lifted (T-NT) from
the ground. These epochs were then divided into trials, each of
30s duration containing and centered on the change in haptic
condition at t = 15s. Then, equal-condition trials were aligned
with the instant of the haptic shift and averaged. These big trial
numbers were necessary in order to allow averaging of as many
traces as possible in order to get consistent mean values for body
oscillation and to reliably estimate the time following the shift
in the sensory information, at which modifications occurred in
body sway. Between each block of acquisition epochs, subjects
were free to sit or move around for variable periods. The overall
duration of the experimental session varied from 2 to 3h, all
conditions included.

Cane position (cm)

NT-T

Cane Force (N)

M-L CoP
oscillation (cm)

/ é ,
SV e

e 0 ey}
5 10 15 20 25

Time (s)

30 0

haptic condition.

FIGURE 1 | (A) Subjects stood with feet in tandem position on a force platform, with EC or EO, the cane resting on a second platform. (B-M) shows the mean value
of the recorded signals in one representative subject. (B=E) vertical position of the marker placed close to the cane tip. (F-I) force applied by the cane onto the
ground. (J-M) medio-lateral CoP oscillations, larger during EC than EO. With EC, after a short delay from the instant at which the cane was lifted, the oscillation
amplitude increased (J, t = 15s). Conversely, after the NT-T shift (K) the oscillation diminished. With EO (L,M), no differences were obvious in the oscillations after the
changes in haptic condition. The dotted boxes in (J-M) show the time intervals in which the oscillations were considered stationary and not affected by the shift in
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Center of Foot Pressure (CoP) and Cane

Movement Recording

Force signals from the two platforms were acquired at 140 Hz
(SMART-D system, BTS, Italy). The output of the platform onto
which the subject stood was the instantaneous position of the
Center of foot Pressure (CoP) along the sagittal (antero-posterior,
A-P) and the frontal plane (medio-lateral, M-L) during the
standing trials. To quantify the amplitude of the CoP oscillations
on the frontal and sagittal plane, the traces were high-pass filtered
with a 2nd order Butterworth filter (cut-off frequency 0.1 Hz),
and then rectified with a software developed in Labview (National
Instruments, USA).

The mean level of force exerted by the cane on the ground was
computed from the vertical force recorded by the platform onto
which the cane rested. The position in space of the marker fixed
on the tip of the cane was also acquired at 140 Hz by means of an
optoelectronic device composed of 12 cameras (Smart-D, BTS,
Italy) and stored in a PC for off-line analysis.

For each subject and trial, a cross-correlation (CC) analysis
was performed between the traces of the cane tip and of the
CoP M-L displacement. The CC coefficient (R) at time lag=0s
was calculated by means of a software developed in Labview. A
positive coefficient indicated an in-phase displacement of cane
and CoP in the M-L direction, a negative coefficient indicated
anti-phase displacement. The time lag was the time interval at
which the absolute value of R was maximum. A negative time lag
indicates that cane movement lagged the CoP movement.

Mean Level of CoP Oscillation

For every trial recorded in each subject, the mean A-P and M-L
oscillations of the CoP were computed under all haptic (NT and
T) and visual (EC and EO) conditions at steady state. To this aim,
each variable was averaged during the first and last 10 s periods of
each trial containing a shift in sensory condition (see the dotted
box in Figure 1). These periods did not contain the 10-s time
interval centered on the sensory shift and were considered to be
stationary and unaffected by the sensory shift (Sozzi et al., 2011,
2012; Honeine et al., 2015).

Mean Latency of Change in Body Sway
Following the Sensory Shifts

The latencies of the changes in body sway following the haptic
shift were measured only for the CoP oscillation in the frontal
plane under EC condition. With EO, the effects of a shift in
haptic information were small both in the frontal and sagittal
plane. Further, even with EC, the presence or absence of haptic
information influenced to a much larger extent the oscillation in
the frontal than in the antero-posterior direction.

For each subject and condition of haptic shift (addition or
withdrawal), we measured the latency following the sensory shift
(cane put on the ground, NT-T) or cane off the ground (T-
NT), at which M-L CoP oscillation diminished, or increased
depending on the haptic-shift direction. Latency was estimated
on the averaged traces of all the trials (n = 60) containing the
sensory shift. Each successive mean value of the trace after the
shift was compared to the mean value of the variable computed

during the 15s before the shift (reference value) by the one-
sample Student’s ¢-test with n = number of repetitions. The time
after the shift, at which the t-value of the above comparisons
bypassed the critical value corresponding to a 0.05 probability
and remained above it for at least 100 ms, was taken as the time,
at which the presence or absence of the haptic information began
to affect the postural control mode (Sozzi et al., 2012; Schieppati
etal., 2014).

Statistical Analyses

A 3-way repeated-measure ANOVA with direction of oscillation
(M-L and A-P), presence or absence of haptic information (NT
or T) and visual condition (EC and EO) was used to compare
the mean levels of CoP oscillation calculated at steady state.
The post-hoc analysis was made with Fisher’s LSD test. The
mean time-lags between cane and M-L CoP displacements were
compared between visual conditions by paired Student’s ¢-test.
The mean latencies of the changes in M-L CoP oscillations with
EC were compared between the two haptic-shift conditions by a
paired Student’s ¢-test. The software package used was Statistica
(StatSoft, USA).

RESULTS

Effect of the Addition or Withdrawal of

Haptic Information on Body Sway

Figure1l shows the averaged traces of the recorded
signals of one representative subject standing on the
force platform (Figure1A) during the T-NT and NT-T
trials under EC (Figures 1B,C,EG,J,K) and EO condition
(Figures 1D,E,H,I,L,M). The first-row panels show the vertical
position of the marker placed on the tip of the cane. When the
cane was on the ground, the force recorded by the platform
(middle row panels) was <1 N under both visual conditions.
The difference between visual conditions in the force applied
by the cane was not significant (paired t-test, p = 0.10). The
bottom-row panels show that, under the EC condition, following
the T-NT shift (at time t = 15s in all panels), the values of
the oscillations (Figure 1J) increased after a short delay from
the instant of the sensory shift. Conversely, when the cane
was lowered onto the ground (NT-T), the values of the M-L
CoP oscillations (Figure 1K) diminished in amplitude. Under
the EO condition, there were negligible differences in M-L
CoP oscillations (Figures 1L,M) following the shift in haptic
condition, for either NT-T or T-NT direction of shift. All
subjects, particularly in the EC condition, referred that when the
cane rested on the ground they felt more stable than during the
period in which there was no cane reference.

Body Sway under Steady-State Condition
Figure 2 shows the mean values across subjects of the M-L and
A-P oscillations of the CoP calculated at steady state under EC
(Figure 2A) and EO (Figure 2B) conditions, with (T) or without
(NT) the use of the cane. The CoP oscillations were greater along
the M-L than the A-P direction [F(j, 15) = 44.64, p < 0.001]
during both the NT and the T condition (post-hoc, p < 0.05 for
all comparisons).
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FIGURE 2 | Mean values of CoP oscillations at steady-state under EC (A) and EO (B) condition. Black bars refer to no-touch (NT) condition, white bars to touch (T)
condition. The CoP oscillations were greater along the frontal (M-L) than the sagittal (A-P) plane and greater under EC than EO condition. CoP oscillations were greater
during the NT condition than during T condition. *Indicates a significant difference (p < 0.05).

There was a difference between the two visual conditions [EC
vs. EO; F(y, 16) = 76.73, p < 0.001] since the oscillations were
larger with EC than EO (NT and T collapsed). Oscillations were
also larger during the NT period (black bars) than during the
T period (white bars) [NT vs. T; F(;, 16y = 46.06, p < 0.001].
There was an interaction between direction of oscillation (M-
L and A-P) and visual condition [F(;, 5 = 13.23, p < 0.05],
an interaction between direction of oscillation and presence or
absence of haptic information [F(;, 6y = 31.72, p < 0.001], and an
interaction between direction of oscillation, visual condition and
presence or absence of haptic information [F(; 16y = 18.13, p <
0.01]. In fact, the presence of haptic information diminished the
CoP oscillation more under EC than EO condition and more in
M-L than A-P direction. The Romberg quotients NT/T (EC) and
EC/EO (NT) for the M-L CoP oscillations were 1.22 & 0.13 and
1.54 % 0.33 SD, respectively, indicating that both haptic input and
vision reduced body sway. The haptic effect was, however, smaller
than that of vision (paired t-test on the Romberg quotients, p <
0.001). With EO, the Romberg quotient NT/T (1.07 & 0.09 SD)
indicated no major haptic-induced stabilization compared to the
haptic effect with EC (paired t-test on the Romberg quotients,
p < 0.001).

Cane-Tip Displacement Follows Body

Oscillation

During the period in which the cane tip was resting on the
ground, there was a good association between the movement of
the cane and the CoP M-L oscillation (in the example reported in
Figure 3A, R =0.837, p < 0.001). When the CoP position moved
to the right (positive values on the abscissa), also the cane moved
to the right (positive values on the ordinate) and vice versa. The
cane tip displacements were often smaller than those of the CoP.
With EC, the CC coefficient calculated for the two traces was
positive in the majority of subjects (15/17), ranging from —0.46
to 0.64 (all trials and subjects collapsed, mean R = 0.43 + 0.34
SD). With EO, the CC coefficient was positive in the majority of
the subjects as well, ranging from —0.38 to 0.68 (mean R = 0.47

=+ 0.32 SD). Mean CC coefficients were slightly different between
visual conditions (paired t-test, p < 0.05). The positive values
of the CC coefficients indicate an overall in-phase movement of
cane and CoP in the M-L direction. The mean time lag between
cane and CoP displacement in the M-L direction (Figure 3B) was
—37.7ms =+ 48.6 with EC and —27.7 ms =+ 38.3 with EO (paired
t-test, p = 0.3), indicating that the cane displacement lagged the
CoP displacement regardless of the visual conditions.

The Delay from the Sensory Shift to the
Change in Body Sway Is Longer with
Addition than Removal of Haptic Input

The latencies of the changes in body sway on touching the
ground with the cane or lifting it off ground were estimated
for each subject on the mean M-L CoP oscillation trace under
EC condition. The reason was that the changes in the levels of
CoP oscillations, caused by the addition or removal of haptic
information, were much greater in the M-L than A-P direction.

Figure 1 showed that, with a short delay following the shift in
haptic condition (at t = 15 s), the oscillations increased when the
cane was removed (T-NT condition) or decreased when the cane
was put on the ground (NT-T condition). The latencies of the
changes in oscillations calculated for each subject are reported in
Figure 4A for the NT-T and for the T-NT condition. Latencies
ranged from 0.76 to 2.98 s for the NT-T shift in haptic condition
and from 0.45 to 1.7 for the T-NT shift, and were longer for
the addition than for the withdrawal of haptic information. In
Figure 4B, the mean latencies across subjects for the two sensory
shifts are reported. Mean latencies were longer by about 0.7 s for
the NT-T (1.64 s & 0.6 SD) than for the T-NT condition (0.93 s
0.4 SD) (paired t-test, p < 0.001).

DISCUSSION

We investigated the changes occurring in the body sway of young
healthy subjects standing in tandem position and performing the
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FIGURE 4 | Time intervals from haptic change to change in body oscillation when standing with EC. (A) Latencies of the changes in M-L CoP oscillations calculated
for each subject. (B) Mean latencies across subjects. The latencies were longer for the NT-T shift than for the T-NT shift. *Indicates a significant difference (o < 0.001).

task of lowering a cane onto the ground or lifting it. We were It is well-known that standing humans sway less when vision
specifically interested in estimating the latency at which body is allowed (Straube et al., 1994; Sozzi et al., 2011; Sarabon et al.,
sway diminishes in response to the haptic input connected with ~ 2013). Haptic information from light finger touch produces body
the cane contact onto the ground (or at which sway increases on ~ sway reduction as well (Jeka and Lackner, 1994; Jeka et al.,
removing the cane). 1996; Lackner et al., 1999; Bolton et al.,, 2011; Sozzi et al., 2012;

In line with previous reports (Sozzi et al, 2011, 2012;  Kanekar etal,, 2013; Schieppati et al., 2014; Honeine et al., 2015).
Honeine et al,, 2015), the CoP oscillations were smaller with ~ Hence, minor displacement of the visual field on the retina, or
EO than EC. With EC, oscillations were smaller with cane  touch information from the fingertip, not granting mechanical
touch (T) compared to no touch (NT). With EO cane had  stabilization (Lackner et al., 2001; Kouzaki and Masani, 2008),
little effect. All subjects felt more stable when the haptic  are sufficient for consistently reducing body sway. These effects
input was available, and referred that standing in tandem was  are obvious when balance is critical, like standing with the feet
easier with than without the haptic input. The latencies to the  in tandem position (Huang et al., 2009; Sozzi et al., 2011, 2012;
initial changes in oscillation in response to the sensory shift, ~ Sarabon et al, 2013; Honeine et al., 2015). The visual and haptic
assessed on the EC data, were longer after addition (NT-T, information would be little exploited under quiet stance with feet
about 1.65s) than withdrawal (T-NT, about 0.9s) of the haptic  parallel, but become relevant when balancing under unfavorable
input. conditions (De Nunzio and Schieppati, 2007; Sozzi et al., 2011).
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Visual or haptic input add to the proprioceptive information, to
the cutaneous input from the foot soles, and to the vestibular
input (Mergner et al., 2009; Billot et al., 2013; Bronstein, 2016).
Thus, in spite of the visual and haptic inputs being just a fraction
of the overall sensory inflow, they are not at all negligible for
stabilization (Lackner et al., 1999).

Similar Stabilization by a Cane and
Fingertip Touch

Here, we used a cane as a way for decreasing body sway
during eyes-closed stance. This tool proved to be effective for
stabilization, even when the cane exerted <IN force on the
ground, and even when the cane was not fixed to the ground, as
in other investigations on this issue (Jeka et al., 1996; Maeda et al.,
1998; Albertsen et al., 2010; Ustinova and Langenderfer, 2013;
Oshita and Yano, 2016). Of note, the experiments were conducted
under tandem stance, which is a challenging sway situation (Sozzi
et al., 2013), in order to clearly detect differences between the
condition with/without cane touch. Quiet stance with feet parallel
would have required a much larger number of repetition to detect
the onset of sway changes on adding/removing the haptic input,
owing to the sensitivity of the analytical method.

In our study, the cane was free to move, as it would happen
under natural circumstances, and its displacement on the force
platform accompanied the oscillations of the center of foot
pressure. Interestingly, it appeared that the cane was not used as
a pivot to control body sway, exerting a force onto the ground
in order to move the body; contrary, its translation normally
followed the displacement of the center of foot pressure by some
40 ms (see Figure 3). This further suggests that the cane moves
with the swaying body and that stabilization can be obtained
through the haptic reference rather than using the cane as a
mechanical support (Misiaszek et al., 2016). Whether such effect
can transfer to different conditions, such as postural disturbances
(Owings et al., 2000), or to reactive balance control (Schinkel-Ivy
et al,, 2016), or to walking (Rabin et al., 2015) is an important
issue, worth specific investigation.

The Effect of Vision and the Interaction
with Haptic Input

The reduction in the center of foot pressure oscillation with the
cane resting on the ground under EC condition (diminution to
82%) was smaller than that obtained with vision (when standing
without a cane, the diminution in sway amplitude on opening
the eyes reached 67%). In a similar vein, the effect obtained
with the cane was also somewhat smaller than that obtained by
using the fingertip, as shown in a previous investigation (Sozzi
et al., 2012; fingertip touch reduced sway to about 75%, no touch
compared to touch, eyes closed). This value had been obtained
in a different population of subjects matched for age and gender,
but having comparable sway values eyes-closed under no-touch
condition. Interestingly, roughly similar stabilizing effects of the
haptic input have been also noted as a consequence of touching
either a rough or a slippery surface (Jeka and Lackner, 1995).
When the cane was used while vision was allowed (eyes
open all the time), the concurrent haptic information produced

little extra reduction of the body sway compared to no-cane,
as already observed (Albertsen et al., 2012), as if vision would
largely overrule the haptic information provided by the cane
(Krishnan and Aruin, 2011). The use of the cane did decrease
body sway in the M-L plane with eyes open, but this decrease
was limited as if an occlusion effect ensued. This would occur if
haptic inflow and vision would share common mechanisms for
stabilization. Besides, the steadying effect of vision was large, and
the use of the cane (not exerting any mechanical action) may not
easily further reduce the oscillations when subjects are standing
in tandem. Not alternatively, oscillations would not diminish
beyond a certain value, because a given body-sway stimulus is
in any case required for activating proprioceptors and labyrinth
and sending meaningful information to the brain (van Emmerick
and van Wengen, 2000; Carpenter et al., 2010). But then again, in
this case, a given body sway would also return a certain valuable
input from the moving cane tip. The effect of haptic input from
the cane would be a substitute for vision and become crucial
during stance or walking in blind subjects or in sighted subjects
with eyes closed, when absence of vision produces clear-cut
effects on the spatial characteristics of gait requiring an increased
computational brain effort (Oates et al., 2017; Oliveira et al.,
2017). Of note, vision and touch reduce muscle activity and co-
contraction of antagonist leg muscles, which is characteristic of
the tandem stance (Sozzi et al., 2012, 2013), much as vision
does during another challenging balance condition, such as
counteracting continuous postural perturbations (Sozzi et al.,
2016).

Sensori-Motor Integration Time

The congruence of haptic input from cane and visual input
in enhancing body stability under steady-state condition had a
counterpart in the substantial equivalence of the latency for the
changes in body oscillation, on addition or on withdrawal of
the corresponding sensory inputs. In the previous investigations
mentioned above, though, the mean latency to stabilization onset
on opening the eyes was about 1.2 s, hence just shorter than that
following cane touch to the ground (they were instead equal on
removing vision or touch; Sozzi et al., 2011, 2012; Honeine et al.,
2015). However, the mean latencies to decrease and increase of
sway (about 1.4 and 1's, respectively), observed when the haptic
input originated from light fingertip touch (Sozzi et al., 2012;
Honeine et al., 2015) were similar to those measured in the
present study. Overall, these data speak in favor of a substantial
equivalence of the haptic information derived from a “direct”
contact of fingertip with a stable surface and of the “indirect”
contact with a stable surface mediated by the cane, and confirm a
slightly longer latency for the integration of haptic compared to
visual information.

The Effect of the Haptic Information from
the Cane Is Not Affected by the Interaction

with the Task Execution

The profile of the changes in body sway induced by the haptic
information (or by its withdrawal) seemed not to be affected
by the movement necessary to lift or lower the cane onto
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the ground. This finding and conclusion were not anticipated,
because movements of upper limb and hand for lowering
or lifting the cane, though limited in extent and velocity,
might have interfered with the exploitation of the haptic
sensory input (Saradjian, 2015). Further, these movements might
have produced anticipatory or corrective postural adjustments,
possibly impeding appropriate reweighting of the new haptic
sensory inputs because of other types of balance priorities
(such as counteracting the task of gently lifting or lowering the
cane). Or, the onset of the changes in oscillation might have
been simply concealed by large CoP displacements connected
to those tasks. The experiment was not designed for sorting
out potentially interfering effects of anticipatory or corrective
postural adjustments: however, these were rarely obvious in
the individual CoP traces and disappeared on averaging
multiple epochs. This points to small and asynchronous postural
adjustments, and to the rather constant latency of the sway
reducing (or increasing) effects of the changes in haptic input.
Hence, we would suggest that the reweighting phenomenon
must be robust, and possibly represents a priority for the
postural control system, independent of the possible modulation
of the haptic input itself, connected with the voluntary act of
moving the cane, as occurs for other inputs along the thalamo-
somatosensory cortex pathway (Bolton et al., 2012; Seki and Fetz,
2012; Song and Francis, 2015; Colino et al., 2017). In this light,
these findings lend support to the conclusions of Saradjian et al.
(2013) and Mouchnino et al. (2015) that the brain exerts dynamic
control over the transmission of the afferent signals according to
their current relevance during a critical balance condition.

Processing Time and Neural Circuits: Open

Questions

Regardless of the modality and origin of the sensory information
(at least for visual and haptic—finger or cane), the nervous
system seems to react within roughly similar time intervals. It
might be conjectured that the entry to the “posture stabilizing”
centers is common to both visual and haptic inputs, and
independent of any parallel pathway conveying inputs for
different physiological functions. Admittedly, time intervals
pertaining to different modalities may not be stated definitely
in our test paradigm. The paradigm and analytical procedures
are certainly accurate for detecting differences between addition
and withdrawal of a sensory input, but may not detect subtle
differences connected with the peripheral traveling and central
processing of information from different sources.

The relatively long integration time may be an expression
of the computation for shifting to a less energetically expensive
pattern of stance control. The latency to change in the oscillation
pattern is much longer than a reflex (~50 ms), or a startle reaction
(~100ms), or else a quick voluntary response (~150ms), and
is even longer than the balance-correcting responses triggered
by a perturbation of stance (~200ms) (Valls-Solé et al., 1999;
Griineberg et al., 2005; Sozzi et al., 2012; Honeine and Schieppati,
2014). Interestingly, the latencies to stabilization onset were
somewhat longer but of the same order of magnitude as the
time lag between motor command and body sway, estimated by

means of cross-correlation analysis of leg muscle EMG activities
and body sway size in subjects standing quietly without support
(Masani et al., 2011). These authors found that the longer the
time lag of the cross-correlation (up to half a second) the smaller
the body sway, and concluded that a control strategy producing
a longer preceding time for the motor command can stabilize the
body more effectively. It is not unlikely that the values we found
for latency to stabilization might have implied activation of the
processes mentioned in Masani et al. (2011).

Processing of the haptic input for balance stabilization would
be subserved by dedicated cortical networks, possibly at parietal
cortex level (Kaulmann et al., 2017), while the more rapid shift
toward a new state of increased sway on withdrawing the haptic
input would be produced at subcortical level. Anticipated loss
of balance (lifting the cane) would allow for the cortical pre-
selection and optimization of brain stem postural activity (Jacobs
and Horak, 2007; see Shadmehr, 2017). Removal of sensory
inputs equally rapidly triggers a “default” reaction of the posture
stabilizing centers to the sudden withdrawal of the critical haptic
originating from finger and cane contact or vision, whereby
body sway quickly shifts to a larger oscillation pattern (Sozzi
etal., 2012; Honeine and Schieppati, 2014; Asslinder and Peterka,
2016; Honeine et al., 2017). This is the consequence of the lack of
critical information on the one hand and a condition for stronger
proprioceptive and vestibular stimulation on the other.

Balance, Locomotion, and Neural

Prostheses for Locomotion

We would, therefore, argue that haptic input as provided by using
a cane is sufficient for improving balance, almost as a gentle
fingertip touch of a stable structure or vision of the surrounding
space. Hence, cane or crutches would provide an information
which can be typically processed by the nervous system along
with other, more “natural” (tactile, visual, vestibular) inputs. It
is arguable that haptic input from such devices can be exploited
not only during stance, but also during locomotion, all the
more so when locomotion is aided by neural prostheses. Haptic
inflow from cane would be crucial during gait initiation and
cooperate with the anticipatory postural adjustments in helping
weight distribution between both legs so as to produce the best
stability conditions for optimal gait initiation (Caderby et al.,
2017). In this line, Chastan et al. (2010) have mentioned the
relevance of the somatosensory input for balance control during
gait initiation. Further insight on the mechanisms of action of any
haptic input finalized to reducing the oscillation of the center of
pressure during the successive stance phases of walking would be
welcome.

Walking velocity is clearly affected by postural instability
in several clinical conditions, as in cerebellar and neuropathic
diseases (Morton and Bastian, 2003; Nardone et al., 2009, 2014)
or in patients with stroke (Hsiao et al., 2017), chronic obstructive
pulmonary disease (Morlino et al., 2017) or Parkinson’s disease
(Giardini et al., submitted). Investigation on the timing of
haptic-motor integration should be extended to a larger
population of normal young subjects, to elderly persons and
to visually impaired and neurological populations, such as

Frontiers in Neuroscience | www.frontiersin.org

81

December 2017 | Volume 11 | Article 705


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Sozzi et al.

Cane Provides Immediate Body Stabilization

Parkinson’s disease patients (Rabin et al.,, 2015). The findings
of these investigations would prove useful in the design of
new rehabilitation devices. Haptic control is needed for any
locomotion exoskeleton, where step production consists of
discrete shifts from one posture to another. Implementation of an
appropriate time-lag between changes in haptic inflow and their
effects on balance control would represent an important aspect of
the design of the control system for exoskeletons (see Mergner,
2007; Peterka, 2009; O’Doherty et al., 2012). In a broader context,
it is not unlikely that somatosensory prosthetics may help not
only perception and action (O’Doherty et al., 2011; Tyler, 2015),
but also contribute to creating an appropriate response in the
domain of the control of the equilibrium. The findings of
the present investigation might foster implementation of new
technologies taking into account the “natural” time constraints of
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Objective: The purpose of this study was to establish the feasibility of manipulating a
prosthetic knee directly by using a brain—-computer interface (BCl) system in a trans-
femoral amputee. Although the other forms of control could be more reliable and quick
(e.g., electromyography control), the electroencephalography (EEG)-based BCI may
provide amputees an alternative way to control a prosthesis directly from brain.

Methods: A transfemoral amputee subject was trained to activate a knee-unlocking
switch through motor imagery of the movement of his lower extremity. Surface scalp
electrodes transmitted brain wave data to a software program that was keyed to activate
the switch when the event-related desynchronization in EEG reached a certain threshold.
After achieving more than 90% reliability for switch activation by EEG rhythm-feedback
training, the subject then progressed to activating the knee-unlocking switch on a pros-
thesis that turned on a motor and unlocked a prosthetic knee. The project took place
in the prosthetic department of a Veterans Administration medical center. The subject
walked back and forth in the parallel bars and unlocked the knee for swing phase and
for sitting down. The success of knee unlocking through this system was measured.
Additionally, the subject filled out a questionnaire on his experiences.

Results: The success of unlocking the prosthetic knee mechanism ranged from 50 to
100% in eight test segments.

Conclusion: The performance of the subject supports the feasibility for BCI control of a
lower extremity prosthesis using surface scalp EEG electrodes. Investigating direct brain
control in different types of patients is important to promote real-world BCI applications.

Keywords: prosthesis, brain-computer interfaces, lower limb, control, electroencephalography, rhythm
modulation

INTRODUCTION

The National Limb Loss Information Center reported that there are approximately 1.7 million people
living with limb loss in the United States (1). Most of new amputations occur due to complications
from impairment of the vascular system, and amputations of this type account for 82% of limb loss
discharges between 1988 and 1996 (2). Lower-limb amputations account for 97% of all dysvascular
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limb loss discharges. A recent study of the prevalence of limb loss
in the US estimated that one out of every 190 people has had an
amputation, and this number may double by the year of 2050 (3).

Advanced Lower-Limb Prosthetic
Technology

People who have received limb-amputation face staggering emo-
tional and financial lifestyle changes. They require one or more
prosthetic devices and services, which must be maintained for the
rest of their lives (4). A transfemoral amputee (above the knee)
must expend up to 60% more metabolic energy to walk than a
person with two whole legs (5) and consume as much as three
times the affected-side hip power and torque (6). Commercially
available prostheses comprise spring structures that store and
release elastic energy throughout each walking stance period (7).
Because of their passive nature, such prostheses cannot generate
more mechanical energy than that is stored during each walking
step. In distinction, the human ankle performs positive net work
and has a greater peak power over the stance period, especially
at moderate to fast walking speeds (8, 9). Emerging powered
prosthetic devices with an embedded microprocessor provide a
net positive power to the user, allowing more user control with
less energy expenditure (4). These devices include a powered
transfemoral prosthesis developed by a Vanderbilt University
team led by Sup et al. (10) and a spring ankle with regenerative
kinetics (SPARKy) funded by the US Army (11). In addition to
the above devices for research purposes, the C-Leg (by Otto Bock,
Germany) adjusts the degree and speed of knee joint swing in
millisecond intervals allowing for the user to move more effort-
lessly. The Proprio-foot (by Ossur, Iceland) provides adaptive
dorsiflexion to reduce compensation needs from the amputees
in stair ambulation (though not truly, actively powered) (12).
Incorporating advanced technology developed by Dr. Herr at
MIT (13), iWalk Inc. delivers a clinically available device, BIOM®,
a leg system [shown in the figure, adapted from Aldridge et al.
(14)] that replaces combined functions of the foot, ankle, and calf
regions of the human body. By adding a reflexive torque response
in powered plantar flexion, the BIOM emulates the sound side
stance-phase kinetics to provide better symmetry and economy
of motion for amputees (15).

Prior attempts at voluntary control of the elements of a
prosthesis have focused on the use of electromyographic (EMG)
signals from muscle groups that remain under voluntary control.
Most of this work has centered around control systems for upper
extremity prostheses. Targeted muscle reinnervation is a case in
point (16). This method provides adequate control but creates the
extra step of muscle activation to control prosthetic functions.
The Brain-Computer Interface (BCI) takes out this step for a more
direct control method. Furthermore, the EMG or mechanical
sensor-based control (10, 17) is reactive to the kinematic move-
ment on residual or healthy limbs. We are striving to provide a
proactive means for control that allows users to make voluntary
adjustments independently before changing terrains or gait types.

Invasive BCI systems employ either spike trains or local field
potentials with the brain. At the cortical surface, electrocorticog-
raphy is employed. In contrast, non-invasive BCI systems employ

electroencephalography (EEG) on the scalp. Invasive BCIs feature
a better signal quality because electrodes are placed much closer
to the neurons than non-invasive BCIs. Most of the invasive BCIs
have been explored for complicated and fast control of upper
extremity prosthetics (18-20). A non-invasive BCI using EEG
is portable, less expensive, and provides a good time-resolution
in milliseconds. However, the signal quality of the EEG may be
inferior to that of signals obtained through invasive means. Non-
invasive BCI can further be categorized into stimulus-induced
BClIs using steady-state visual-evoked potential or SSVEP (21),
the P300 evoked potential (22, 23), or combined SSVEP and P300.
When using these BCI signal methods, the users need to shift their
eye gaze to a visual stimulator provided by a computer monitor or
LED array placed in front of them. When using stimulus-induced
BClIs, the users must tolerate the strong visual flashes from the
stimulators. On the other hand, the non-stimulus BCIs employ a
signal method of the event-related desynchronization (ERD) and
event-related synchronization (24) in EEG associated with the
motor imagery, i.e., kinetic imagination of users’ limb movement
without any physical movement. As this method does not require
any overt motor action, it is ideal for patients with severe motor
disability. For example, it can serve as a communication solution
(e.g., a spelling device) for those “locked-in” persons who have
totally lost motor control in conditions, such as amyotrophic
lateral sclerosis patients in the late stage (25, 26).

One of the early pioneers of BCI was Dr. Jacques J. Vidal
who helped establish the University of California Los Angeles
Computer Science department. He coined the term “brain-
computer interface” and initiated a project in that area. Since
that time, studies have shown how subjects can alter images on
computer screens, use a speller, reach out with robotic arms and
other activities through the use of this system (27). A BCI system
works through combining several systems. The initial task is to
acquire a brain signal that is associated with a particular thought.
This signal then is processed and amplified and funneled to drive
a given device. The entire process can be compartmentalized into
four phases: signal acquisition, feature extraction, feature trans-
lation, and device output. Signal acquisition can occur through
surface scalp electrodes or through chips placed on or near the
cortex intracranially. Prior studies have clearly demonstrated
the capacity of a BCI system to control a switching mechanism.
In part the results of these studies have motivated the one in this
report (28).

Unmet Needs

The control parameters of a microprocessor-driven powered
prosthesis are commonly optimized for level walking. The level
walking-optimized control parameters do not apply to locomo-
tion activities other than level walking. Consequently, walking on
ice or mud, for example, is not addressed with optimal parameters.
Currently, amputees have extreme difficulty in going upstairs/
downstairs or up/down steep-slopes when using the prosthesis
optimized for level walking. This sub-optimal status leads to
an increased instability and an additional load to the amputee’s
intact limb (12). How can prosthetic users efficiently adapt pros-
thetic parameters to altered situations and environments? For
instance, this problem exists when the user needs to go upstairs
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or downstairs after optimization for level walking. Amputees are
frequently confronted with environmental situations that chal-
lenge their ability to ambulate efficiently and safely. Difficulty or
inability in surmount such situations can significantly curtail or
obstruct the restoration of a normal life. Quality of life and well-
being suffer (29-31). In addition, amputees may have a higher
risk of falling if the prosthesis cannot adapt to altered situations,
such as stair climbing or unpaved trails (32).

Efforts have been made in state-of-the-art powered prostheses
to make them more adaptive; however, the current technologies
are still not sufficient. A powered prosthesis can measure user-
shifted weight using biomechatronic mechanisms to adapt to the
user’s weight changes; however, the microprocessor embedded
in the prosthetic device has difficulty in sensing and adopting
environmental changes. Because of this, the prosthesis power
output is not able to adapt to the user’s needs/volitions in dynamic
situations and environments. For instance, when an able-bodied
person walks across a street, that person may intend to run rather
than walk to reduce the risk of being hit by a car that may sud-
denly appear. To support the amputee’s effort to move faster, the
powered prosthesis should provide increased reflex power like
a biological leg. According to the biomechanical mechanism,
the increased reflex power can be generated either by exerting a
stronger ground reaction force or interposing a higher power gain
(i.e., by parameter intervention). The former one requires that
the user push harder on the residual limb to obtain an increased
ground reaction force; this, however, maylead to potential damage
due to the increased pressure between the socket and the residual
limb (33, 34). Accordingly, the latter one is preferred as the user

can receive increased power support while keeping the same level
of ground reaction force. Because the prosthetic device has no
ability to know the user’s desire, amputees need a new mechanism
to relay their volition to appropriately affect the prosthetic control
parameters so that the prosthesis can subsequently provide adap-
tive support. Although the other forms of control could be more
reliable and quick (e.g., EMG control), the EEG-based BCI may
provide amputees an alternative way to control prosthesis directly
from brain.

PURPOSE OF THIS STUDY

The prosthetic control parameters are commonly tuned to opti-
mize level walking. User control of a prosthesis to manipulate
prosthetic control parameters in real time is essential to allow for
the prosthesis to adapt to altered situations and environments.
Smooth, effortless user control of a prosthesis that mimics the
performance of a natural biological limb can reduce the effort
and the load from the user, who under the best circumstances will
consume much more energy than able-bodied persons. This study
proposes a volitional prosthesis control using BCIs (35, 36) to sup-
port comfortable and effortless user control of the prosthesis, in
which users can control the prosthesis (parametric intervention)
proactively by thought alone as shown in Figure 1. The automatic
recognition of the user’s volition with subsequent automatic
adjustment of prosthetic control parameters will bring amputee
gait closer to normal gait patterns, which can help the amputee
increase motion functions (e.g., upslope/downslope) and reduce
energy expenditure in altered situations and environments.
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FIGURE 1 | Schematic diagram of user’s direct control of prosthesis using brain—computer interface (BCl).
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Meanwhile, recognition of the user’s conscious intent with subse-
quent prosthetic control will provide the user an ownership sense
of “T am the one in control of prosthetic adaptation” This sense
of agency and control will improve the amputee’s psychological
and physical well-being (37, 38). Although this pilot study did
not achieve this end point in its entirety, it does represent an
important first step toward achieving the aforementioned goals.
Therefore, the first step involves providing a mechanism for the
prosthetic user to adjust his prosthesis with the speed and ease
of thought in response to a simple environmental circumstance.
Once a single switching system has successfully been achieved,
then progression can occur to multiple switching systems and
other more advanced control methods that would allow the
prosthetic user to respond quickly and effectively to complex
environmental situations.

BRAINBOARD SYSTEM TO SUPPORT
BCI-BASED PROSTHETIC CONTROL

Developing a powerful BCI on a platform suitable for mobile use
is a challenging task that would benefit from an open platform
for enabling widespread, developmental efforts. To this end, an
open-source hardware solution was implemented (https://github.
com/gskelly), dubbed the BrainBoard, to allow researchers and
developers to easily deploy wearable EEG-based BCI systems.
It will allow for wireless data transmission to a device or host
computer, along with some basic onboard processing for signal
enhancement and noise rejection. The board is non-specific to
any electrode arrangement and allows the use of up to eight
signal electrodes. The BrainBoard was designed to function as a
standalone board measuring 2.1” X 2.5 ”. In addition to the hard-
ware design, a basic software application programming interface
was developed for the BrainBoard that allowed programmers
to implement BCI algorithms both standard and novel. The
high-level operating capability of the BrainBoard also makes it a
possible host for existing BCI software.

The self-designed prototype of the light-weight, low-power
consumption, battery-powered, and wireless-enabled BrainBoard
for EEG/EMG recording using an ADS-1299 chip module (39)
is illustrated in Figure 2. The ADS-1299 module is a low-cost,
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FIGURE 2 | Open-source electroencephalography hardware platform.

low-noise 24-bit analog front-end bio-potential measurement
system recently distributed by Texas Instruments (Dallas, TX,
USA). Using an ADS-1299 module greatly reduced the cost of
the BrainBoard while maintaining high-quality amplification.
A 32-bit MPU (AT32 Atmel AVR Microcontroller) was embed-
ded in the BrainBoard for onboard real-time signal processing
and data transmission. This self-developed BrainBoard provided
high-precision EEG/EMG signal with less than 1.0 pV peak-
to-peak noise. A low-power Bluetooth module RN42 (Roving
Network, Los Gatos, CA, USA) was embedded to support wireless
data transmission. The self-designed BrainBoard was designed to
provide seamless recording and transmission of eight channels of
24-bit EEG/EMG signal with the sampling rate up to 1,000 Hz.
The range of the wireless transmission can reach about 100 feet in
an open space. Further, an IMU sensor was also embedded into
the BrainBoard. A MPU-6050 (Gyro + Accelerometer) MEMS
motion tracking chip device (InvenSense, San Jose, CA, USA)
was employed. This chip provides a user-programmable gyro full-
scale range from +250, to +2,000°/s and a user-programmable
accelerometer full-scale range from +2 to +16 g, which meets the
requirement for studying human locomotion.

CASE STUDY OF BCI-BASED KNEE
UNLOCK

The current study is considered a proof of concept study aiming
to examine our research hypothesis on one person as a feasibility
pilot work. The study provides data to optimize both hardware
and software to promote the goals of BCI use in lower extrem-
ity amputees. A 36-year-old male suffered a right transfemoral
amputation as a sequel of the explosion of an improvised explosive
device in an overseas conflict. This person is a full time trans-
femoral prosthetic wearer who ambulates without any additional
aids such as a cane or crutches. IRB approval of the research
design was obtained, and the subject agreed to the project and
signed a consent form after receiving a full explanation of the
study. The subject was then trained in the use of a BCI system to
activate a switching mechanism. EEG electrodes were placed on
his scalp. The design of this study included visits for training and
one for the actual trial with the prosthesis. The first visit trained
the subject in the use of the BCI system for control of a switch on
a lower extremity prosthesis. Each training visit had two sessions.
In the first session, EEG recordings were made when the subject
engaged in motor imagery of his limb movement. These data were
utilized to determine the necessary parameters for predicting the
intention to move. In the second session, those parameters were
used for real-time control of the switch on the lower extremity
prosthesis. After the training visits the subject then used the BCI
system to control a knee-locking mechanism on the prosthesis
while he walked in the parallel bars.

ERD was obtained from a 32 channel EEG setup with dens
sampling over motor areas on both hemispheres. This method
was used in our previous BCI study (36). Six Electrodes (small
metal disks) were placed on the subject’s scalp over central motor
areas on two hemispheres (C5, C3, C1, CZ, C2, and C4) and then
secured with a plastic cap as shown in Figure 3.
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A conductive gel was used to fill the space between the elec-
trodes and the scalp to ensure good conductivity and minimize
noise artifact. The EEG signals from the seven electrodes were
referenced against the electrode on CZA (3 cm anterior to CZ).
The EEG signals were amplified using a custom-made digital
amplifier embedded with an ADS-1299 front-end system-on-
chip bio-potential chip by Texas Instruments (Dallas, TX,
USA). The EEG signals were then bandpassed (1-100 Hz)
using a custom-made MATLAB tool box (BCI2VR). The ERD
of the beta band (16-24 Hz) was calculated in real time against
baseline activity when the subject was relaxed. The frequency
band was determined by the ERD analysis of cued motor task
managed in the first training session as shown in the Figure 4.

[
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FIGURE 3 | The ECI conductive electro-gel by electro-cap.com was used in
this current study.
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FIGURE 4 | The event-related desynchronization (ERD) plotted in blue color,
showing the decrease in electroencephalography rhythmic amplitude as
indicated in the circle, revealed in the beta band centered around 20 Hz
starting 0.5 s after the sound cue was provided at O s. The ERD was
associated with the actual toe extension. According to the time-spectral
analysis of ERD, the beta band frequency from 16 to 24 Hz were determined
for feedback training and subsequently for control of knee lock.

An off-line linear discrimination analysis model was made for
online detection of the subject’s intention to activate the switch
by imaging his lower-limb movement. The algorithms as well as
the BCI2VR tool box was provided in a previous study by one of
the investigators (40).

Four training sessions occurred on four separate visits and
were conducted before the trial. Each session lasted about 1.5 h
(excluding the time for EEG setup). Custom-made software was
developed to enable real time feedback from EEG. The frequency
band was determined by ERD analysis. The training sessions
started with wrist extension and toe extension movements on the
healthy leg following a sound cue. After a reliable desynchroni-
zation in the beta band was observed, the subject was asked to
imagine toe extension on the lost leg. At the beginning of the
training, the ERD associated with the imagined toe extension
was not reliable; the strategy was changed, and the subject was
asked to move the hand, the intact leg and the residual limb.
The subject was asked to imagine other types of motor activity
such as walking forward. The goal was to generate a higher and
more reliable ERD that could be found in the real-time feedback.
In the first two training sessions, the subject was seated on a
chair. The subject stood and walked during the third training
session. The motor imagery task that generated the highest ERD
was identified. In the fourth session, the sound cue was removed.
The subject performed self-paced, imagined motor tasks, and
the associated ERD was checked from the real-time feedback
provided by the system.

During the training sessions, the subject was seated comfort-
ably in an armchair with his hands and forearms supported.
He was instructed to keep eye movements to a minimum includ-
ing blinking, to minimize muscle action potential interference.
The subject was asked to be as relaxed as possible to reduce or
prevent other electrical or motion based noise. He was then
asked to perform motor imagery of the amputated limb. Initially,
he was asked to move the bar on a bar graph past a designated
threshold point that appeared on a computer screen. When he
could consistently achieve this activity more than 90% of the time,
he was ready to activate the mechanism to unlock the prosthetic
knee through BCI control.

A transfemoral prosthesis which is a well-fitting ischial con-
tainment socket, with gel seal-in suction liner for suspension, a
modular single axis knee joint, with lock and extension assist (Otto
Bock 3R33) and a solid ankle cushion heel foot, was modified with
a rotary actuator that was controllable through a BCI system. The
BCI program would unlock the knee, and an extension of the knee
locked the prosthetic knee. The initiative to control the knee lock
mechanism came from the test subject’s thought after training in
the use of the BCI hardware. The rotary actuator was manufactured
in the prosthetics lab through utilization of components from a
myoelectric wrist rotator (Otto Bock 10S17) and was powered by a
6-V lithium ion battery. This was connected to the BCI system and
the manual locking system of the knee. Once the test subject was
competent and reliable in locking and unlocking the knee, this
person then performed short distance ambulation in the parallel
bars with one of the investigators on either side for stabilization.
The test subject rose from a seated position and locked the knee.
The investigators tested the success of knee locking. The subject
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then walked the length of the parallel bars, unlocking the knee for
swing phase, turned around, returned to the wheelchair, unlocked
the knee with the BCI mechanism and sat down. This procedure
was repeated four times. The number of times the locking was
successfully unlocked on the first effort was compared to the
number of occasions in which the knee had to be unlocked. The
custom-made program performed bandpass filtering and calcu-
lated ERD according to the baseline activity, which was collected
when the subject was relaxing, in real time. The single-trial ERD
calculated was feedback to the subject in real time without trial
back-averaging. The knee lock was open only when the ERD was
over a pre-set threshold. Since it was self-paced design, there was
no inter-trial break. The BCI was turned off between testing seg-
ments to let the subject have a 5- to 15-min rest.

After a rest of at least 5-15 min the subject returned to the par-
allel bars. He came to a standing position. He walked the length of
the parallel bars and back. The knee was locked for stance phase
and unlocked for the swing phase. The subject took two more
trips from one end to the other and back in the parallel bars. The
success of unlocking the knee was again compared to occasions
when unlocking was required.

After the trial the subject filled out a short survey, in which
the subject indicated that the use of the BCI system was only
mildly challenging to learn, and that once learned he developed
complete confidence in his capacity to unlock the prosthetic
knee through the system. The ultimate goal was to walk natu-
rally. The subject was able to unlock the knee to sit in the five
attempts. His success rates for the eight walking segments (each
segment consisted of walking from one end of the parallel bars
to the other and then a return to the starting point) were as
follows: First segment, 100%; second segment, 77.8%; third
segment, 100%; fourth segment, 100%; fifth segment, 50%;
sixth segment, 83.3%; seventh segment, 71.4%; and eighth
segment, 85.7%.

DISCUSSION

Human gait can be controlled either consciously or subcon-
sciously. The EMG, including those by invasive procedures, can
assist the prosthetic control without user’s conscious involve-
ment. Under this situation, the prosthetic control is achieved
subconsciously. When walking on uneven terrain or transition-
ing from different gait modes, the human is usually consciously
involved with the locomotion control, where human preserve the
“sense of control” The proposed user’s control of prosthesis using
BCI would potentially provide the user this kind of conscious
control. Further, the EMG-based approach is “reactive” that the
alternation in control can only be implemented after the change
of locomotion mode. For example, the prosthetic control can
be adapted only after walking one-stair down. In contrast, the
proposed approach would potentially shift the prosthetic control
before moving downstairs. Further, EMG systems are brain to
nerve to muscle to electrode to device. Surface EEG electrodes
are brain to device. Because there are less interfaces, there is the
potential for less error and a shorter response time and less effort
required on the part of the user.

Investigating direct brain control in different types of
patients is important to promote real-world BCI applications.
This study demonstrates that, at least on a short-term basis,
non-invasive scalp recorded EEG signals can be used success-
fully and reliably to manipulate a lock for a mechanical knee on
a prosthesis. There is debate within the literature as to whether
BCI control systems can move from implanted chips attached
to the brain to scalp recorded systems due to the low signal
to noise (S/N) ratios in the latter. In this study the S/N ratio
was improved through use of a spatial filtering system with a
Laplacian array (40).

Not only did the results indicate some level of mastery of the
system but the subject developed confidence in his ability without
any sense of added risk. The results did show less success in the
later trials. Potentially, this could indicate some level of mental
fatigue. Other factors such as distractibility could have played a
role. Also, the electrode conductivity could have diminished if
the gel had dried or the electrodes had shifted with a degradation
in the contact with the skin. In prior studies, one investigator
had reduced variance in ERD through use of a longer recording
window and had reduced subject fatigue through limiting the
time for body action imagery to 1 s (40). Similar tactics were used
in this study to enhance reliability, although there was no relaxa-
tion window. Since the actual test was managed in a real-world
scenario on the self-paced mode, the accurate recording of the
delay in the attempt to the knee lock operation was not available.
However, the subject reported that in most cases, he could unlock
the knee within a very short time.

In order for a BCI system to integrate successfully into the daily
use of a prosthesis, it must perform reliably on demand and must
not activate spontaneously to reduce false positives (F/P). During
the trials in this study there were no observed F/P. Unintentional
and unexpected unlocking of the knee during stance phase would
increase the risk of falls for the user. This phenomenon was not
observed. More extensive testing and training would be required
to confirm this sort of reliability. This testing could also include
walking in more challenging environments such as stairs or
uneven terrain.

Other BCI systems for prosthetic control have focused on
upper extremity control systems (41, 42). Applying the BCI tech-
nology to lower extremity prostheses potentially offers a different
set of advantages. These might include prosthetic manipulation or
adjustment through a hands-free mechanism, the ability to adjust
rapidly according to different environmental circumstances,
and a more natural appearing control of the prosthesis. Current
powered and intelligent lower extremity prostheses react to the
motion and demands of the user. While these can dramatically
improve prosthetic function, they still only offer a strictly passive
method of control that is reactive and not proactive (43). The
prosthesis has no way of predicting a change in terrain or the
future demands of the user. Using BCI systems the user could
communicate with a prosthesis using thought alone to actively
manipulate the prosthesis. This more closely approximates the
natural control of a limb.

Challenges that remain for the BCI management of a
lower extremity prosthesis include increasing the reliability of
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control and creating an adequate wireless system that is secure,
dependable and wearer-friendly both for cosmesis and comfort.
Furthermore, the current system only activates a switch to make
a simple prosthetic adjustment. More complex systems would be
desirable to increase prosthetic control options particularly for
microprocessor ankle/foot systems and knees.
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Functional electrical stimulation (FES) and robotic exoskeletons are two important
technologies widely used for physical rehabilitation of paraplegic patients. We developed
a hybrid rehabilitation system (FEXO Knee) that combined FES and an exoskeleton
for swinging movement control of human knee joints. This study proposed a novel
cooperative control strategy, which could realize arbitrary distribution of torque generated
by FES and exoskeleton, and guarantee harmonic movements. The cooperative control
adopted feedfoward control for FES and feedback control for exoskeleton. A parameter
regulator was designed to update key parameters in real time to coordinate FES
controller and exoskeleton controller. Two muscle groups (quadriceps and hamstrings)
were stimulated to generate active torque for knee joint in synchronization with torque
compensation from exoskeleton. The knee joint angle and the interactive torque
between exoskeleton and shank were used as feedback signals for the control system.
Central pattern generator (CPG) was adopted that acted as a phase predictor to
deal with phase confliction of motor patterns, and realized synchronization between
the two different bodies (shank and exoskeleton). Experimental evaluation of the
hybrid FES-exoskeleton system was conducted on five healthy subjects and four
paraplegic patients. Experimental results and statistical analysis showed good control
performance of the cooperative control on torque distribution, trajectory tracking, and
phase synchronization.

Keywords: knee exoskeleton, functional electrical stimulation, hybrid rehabilitation, cooperative control, central
pattern generator

1. INTRODUCTION

Neurologic injuries such as stroke and spinal cord injury may cause paresis in patients and give
rise to movement disability. Physical rehabilitation is highly necessary for paralyzed individuals to
restore mobility of extremities. Functional electrical stimulation (FES) and robotic exoskeletons are
two important technologies used widely in extremity rehabilitation.

Many FES systems have been developed by using either surface or implanted electrodes in the
past decades (Popovic et al., 2001). As a neuro-rehabilitation approach that excites and activates
muscles directly, FES can provide not only functional training but also therapeutic benefits to
paralyzed patients. Although some advances in closed-loop control and multichannel selection
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of muscles have achieved complex stimulation, it is still a
complicated and tough problem of controlling FES to assist
paralyzed individuals to move in a natural manner, mainly due to
the nonlinearity and time variability of human musculoskeletal
system (Zhang et al., 2007; Lynch and Popovic, 2008). The
pathological muscle conditions and the poor controllability of
FES result in insufficient joint torque to provide limbs movement
and body support for patients (del Ama et al., 2012; Ha et al,,
2012; Quintero et al,, 2012). In addition, muscle fatigue is often
induced under continuous electrical stimulation. In a word, these
problems mentioned severely hinder the widespread usage of FES
from becoming a popular treatment option.

Robotic exoskeleton is an alternative technology of
extremity rehabilitation for paraplegic patients, and lower limb
exoskeletons are designed to accomplish neuro-rehabilitation
and replace the physical gait training effort of therapists
(Dollar and Herr, 2008). The well-known representatives in
the application of motor rehabilitation for lower limbs are
Lokomat (Hocoma, Switzerland) (Colombo et al., 2000), LOPES
(Veneman et al., 2007), POGO and PAM (Reinkensmeyer
et al, 2006), ALEX (Banala et al, 2009), etc. The popular
exoskeletons usually use electric actuators, hydraulic actuators,
or pneumatic actuators (Fan and Yin, 2013; Vitiello et al.,
2013). In comparison with FES, the therapeutic effect of robotic
rehabilitation is limited, because it can merely provide assistive
torque to limbs, the muscles are not stimulated actively, which
are passively contracted or stretched. Therefore, it is an urgent
demand to combine FES with exoskeletons, merging as hybrid
rehabilitation systems that bring about not only functional but
also physiological benefits to patients.

There is an increasing interest in developing hybrid
rehabilitation systems, taking the advantages of FES and
exoskeleton, and overcoming the limitations in separate
application (To et al, 2008; del Ama et al.,, 2012). In general,
there are two kinds of such hybrid rehabilitation systems,
i.e., combination of FES and powerless (passive) orthoses, or
combination of FES and powered (active) exoskeletons. The
controlled-brake orthosis (CBO) developed by Goldfarb and
Durfee (1996) used joint brakes to control the body movement
generated by FES. An obvious deficiency of orthoses is the
inability to generate active torque for joints. Compared with
orthoses, powered exoskeletons using mechanical actuators can
compensate insufficient torque generated by FES. Recently, some
achievements in hybrid FES-exoskeleton systems have been
made, such as WalkTrainer (Stauffer et al., 2009), Vanderbilt
Exoskeleton (Ha et al., 2012), Kinesis (del Ama et al., 2014),
iLeg (Chen et al, 2014) and so on. In WalkTrainer system,
Stauffer et al. (2009) developed closed-loop control of FES that
modulated muscle stimulation to minimize the interaction
force between the wearer and the exoskeleton, or modulated
the desired torques as a function of the gait cycle. That system
did not take account for muscle fatigue compensation as the
exoskeleton was not actively involved. In order to accomplish
cooperative control of FES with the Vanderbilt Exoskeleton
during walking, Ha et al. (2016) proposed a two-loop controller,
where motor control loop and muscle control loop co-existed. In
that manner, the motor control loop used joint angle feedback

to control the output of the joint motor to track the desired
joint trajectories, while the muscle control loop utilized joint
torque profiles from previous steps to regulate the muscle
stimulation for the subsequent step to minimize the motor
torque contribution required for joint angle trajectory tracking.
del Ama et al. (2014) proposed cooperative control to balance
the effort between muscle stimulation and exoskeleton in hybrid
system (Kinesis), which sought to minimize the interaction
torque and realized hybrid ambulatory gait rehabilitation. The
torque-time integral generated by FES was measured to estimate
muscle fatigue and a learning method was used to modulate
the stimulation strength so as to compensate the torque loss.
Alibeji N. A. et al. (2015) and Alibeji et al. (2017) developed
an adaptive control method inspired by muscle synergy to
compensate for actuator redundancy and FES-induced muscle
fatigue in a hybrid FES-exoskeleton system, which showed ability
to coordinate FES of quadriceps and hamstrings muscles and
electric motors at the hip joint and knee joint of the exoskeleton.
Chen et al. (2014) designed an FES-assisted control strategy
for a hybrid lower-limb rehabilitation system (iLeg), where
active FES control was achieved via a combination of neural
network based feedforward control and PD feedback control to
realize torque control, and meanwhile impedance control was
adopted for exoskeleton control. Tu et al. (2017) combined FES
with exoskeleton to accomplish gait rehabilitation in a different
way, where FES and exoskeleton made effect on different joints
separately, i.e., exoskeleton was applied on hip and knee joints,
and FES was applied on ankle joint. A sliding control algorithm
called chattering mitigation robust variable control (CRVC) was
used for cooperative control in that hybrid system.

This study aims to accomplish harmonic and elegant control
between FES and exoskeleton and explore their combined
function on single-joint movement. Different from previous
works, the active roles of FES and exoskeleton can be set
freely here, i.e., the contribution of FES and exoskeleton can
be distributed arbitrarily under different circumstances with
specified requirements. Meanwhile, the synchronization problem
of different drivers (motor vs. muscle) is well solved. It is
well known knee joints play very important roles in lower
limb locomotion, and knee joint control is a benchmark in
previous literature (Chang et al., 1997; Ferrarin et al., 2001;
Hunt et al.,, 2004; Sharma et al.,, 2009; Alibeji N. et al.,, 2015).
Therefore, a hybrid rehabilitation system called FEXO Knee
is developed in this work, which combines FES with a knee
exoskeleton. A novelty of the system is the interactive force
can be measured, which can help realize the better cooperative
control. Moreover, it is very interesting and challenging to
synchronize the human leg (driven by biological muscles) and
exoskeleton (driven by artificial motor) to accomplish one task
together, which is particularly solved in this work. A new
cooperative control scheme is proposed, which can achieve shank
swing motion under the harmonized and synchronized action
of FES and exoskeleton, and realize different contribution of
FES and exoskeleton. In such a scheme, a biologically-inspired
control method, central pattern generator (CPG), is adopted
because CPG has some favorable properties in synchronization,
entrainment, and robustness against disturbance in general
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(Ijspeert, 2008). A combination of feedforward control and
feedback control is used for FES and exoskeleton. A parameter
regulator based on policy gradient method is designed to
coordinate FES controller and exoskeleton controller adaptively.
Five healthy subjects and four hemiplegic patients have
participated in a series of experiments to test the cooperative
control performance of FEXO Knee.

2. METHOD
2.1. FEXO Knee

The cooperative control of FES and exoskeleton is accomplished
on our available prototype, FEXO Knee, which has two parts:
a self-designed knee exoskeleton and a commercial FES device
(RehaStim 2, Hasomed, Germany). The exoskeleton is composed
of mechanical parts, electric motor, elastic actuator, sensors, and
accessories. The function of exoskeleton is to generate assistive
torque for rhythmic swing of human shank. It is designed
for subjects with sitting posture, so it has a base bench that
may be fixed on a table to hold the whole structure. The
preliminary version (FEXO Knee I) has been reported in Ren
and Zhang (2014). The new version (FEXO Knee II) is shown in
Figure 1.

2.1.1. Mechanical Design and Actuation

The main mechanical frame of the knee exoskeleton is made of
aluminum. The key part is the electric motor (i.e., an AC servo
motor of Panasonic Corp., Japan), which has a maximum angular
velocity of 5,000 rpm, 400 W rated power, and a nominal torque
of 1.3 Nm. The planetary reducer combined with the motor
has speed radio of 15:1, thus the output end of the reducer can
generate a nominal torque of 19.5 Nm.

The output shaft of the reducer connects to an elastic
component via a rigid coupler. The elastic component consists of
six linear springs with a stiffness of 16.5 N/mm. The six springs
with pre-contraction are placed between a three-spoke element
and an output fixture (see Figure 1). The torque generated by the
servo motor can be transmitted to the output fixture through a
rotatory elastic module, which turns into a series elastic actuator
(SEA) (Pratt and Williamson, 1995; Tsagarakis et al., 2009). For
the whole elastic component, the stiffness is a variable and can be
given by:

1’2

Ko =6 Ka - (R* + =) - (2cos 97 = 1) )]
where Kgps denotes the stiffness of the elastic component; Ky
denotes the stiffness of a single linear spring; R denotes the spoke
radius; 75 denotes the external radius of a single linear spring; ¥
is the net rotatory angle, which is the difference between motor
output angle and actual exoskeleton rotation angle (s = 9, —
v¢). According to the design size of the knee exoskeleton, we
know R = 0.027 m, rs = 0.008 m.

The mechanism that holds the human shank is fastened
to the output fixture of the elastic component, and contains
two adjustable shells. Two interactive force sensors are placed
between the outer shell and the shank wrap. For safety purpose,
the range of motion (ROM) of the joint is limited to +90°

for knee extension and flexion. The naturally drooping state of
human shank is defined as the zero position.

2.1.2. Sensors

Two types of sensors are installed in the knee exoskeleton:
an absolute encoder for measuring the joint angular position,
and two interactive force sensors for measuring the mutual
force between exoskeleton and shank. The encoder is fastened
coaxially with the joint with resolution of 0.09°. The two
interactive force sensors are respectively attached to the front
and the rear of the shell, and please refer to component
(6) in Figure 1. Each contains six distributed force sensing
resistors (FSR 402, Interlink Electronics, USA) covered with
a silicone board. The total interactive force is the summation
of measured data from six calibrated FSR elements. The
mutual torque (7,,,:) between exoskeleton and shank can be
obtained through multiplying the interactive force by the force
arm. According to the mechanical structure, the average force
arm is 0.16 m for the knee exoskeleton. The mutual torque
is defined as positive if it is acted on shank in extension
direction and negative in flexion direction. For real-time control,
FEXO Knee uses a data acquisition card (USB-6343, National
Instrument, USA) to receive signals from these sensors, and the
sampling frequency is 1 Hz. In fact, the interactive force sensors
should be a highlight of this system, which can measure force
variation generated by muscles (e.g., force decline due to muscle
fatigue), and provide important information for cooperative
control.

2.2. Control Scheme

In the FEXO Knee system, two different kinds of actuators
(skeletal muscles and electric motor) should work together.
The cooperative control is the kernel, which aims to achieve
suitable synchronization and compliant interaction between the
knee exoskeleton driven by electric motor and the human
shank activated by FES. The control scheme of FEXO Knee
is shown in Figure 2. The desired total torque (r,fl) for knee
joint movement is supplied by summation of desired FES torque
(tl‘;iEs) and desired assistive torque from exoskeleton (refizg). The
torque distribution between them is regulated by two tunable
gains (8.x, and Spgs). In fact, the exoskeleton should generate
two parts of desired torque, compensating its own dynamics
(zdl), and contributing to knee joint movement (z%2). In our
system, the total torque output of exoskeleton is realized via SEA
(rgE .4)>» which is the summation of rgclo and rgfo In practice, the
actual output of SEA minus the actual torque for exoskeleton
dynamics (t2l) is the actual assistive torque for knee joint
from exoskeleton (42), which is measured by the interactive
force sensors and indicated by t,,,,¢. Therefore, 7, is the same
as 72

The overall control architecture is mainly composed of four
parts: (1) the reference trajectory generator based on the CPG
model, (2) the feedfoward controller for modulating pulse width
of FES, (3) the feedback controller of the knee exoskeleton used to
compensate the insufficient part of torque generated by FES, and
(4) the parameter regulator with online adaptive updating rules
for key parameters.
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FIGURE 1 | Structure of exoskeleton in FEXO Knee: (1) base bench, (2) electric motor (AC servo motor), (3) reducer, (4) shank wrap, (5) silicone board, (6) interactive
force sensors, (7) outer shell, (8) signal amplification circuit, (9) encoder, (10) linear springs.
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2.2.1. CPG Network

According to previous research in neurophysiology, CPGs have
been demonstrated to be a kind of neural control mechanism
in central nervous system of animals, which can generate
rhythmic locomotion independently. In addition, CPGs have
some inherent advantages of entrainment, synchronization,
robustness, which are desired features in the cooperative control
of rhythmic movements. A variety of mathematical models
have been developed to simulate the CPG function in a
simplified form, which are widely used in robotic control,
e.g., Matsuoka oscillators (Zhang and Hashimoto, 2012), Hopf
oscillators (Righetti et al., 2006), and phase oscillators (Farzaneh
and Akbarzadeh, 2012), etc. In this work, we use a phase
oscillator, which was firstly adopted by Ijspeert et al. to control
a salamander-like robot (Ijspeert et al., 2007). To make the model
match our requirement, the original form of the phase oscillator
is modified. Two mutually coupled nonlinear oscillators form
the CPG network. The modified oscillator model is given by the
following equations:

2 .
$i() = wilt) + ; vy sin(e;(t) — %"”’(” —®) ()

Gilt) = uai[%mi — () — ai(D)] 3)
Bi(t) = uwi[%mi — wi(t) — i(D)] (4)

where ¢;, @;, and w; are state variables, and denote the phase,
amplitude and frequency of a nonlinear oscillator respectively; ®
is a variable that denotes the desired phase difference between two
oscillators; A; and ©; denote the desired amplitude and frequency
of a oscillator respectively; uqyi and e are some positive
parameters that represent the velocity of a oscillator transformed
into a new locomotion state; vj; is a positive parameter that
denotes the coupling weight between two oscillators. For all these
parameters, the subscribe i = 1, 2.

In general, CPG has three basic output features (phase,
amplitude, and frequency), which can be freely set based on
requirement. This model uses nonlinear differential equations to
realize CPG, which can generate smooth and stable trajectories
even during transitional periods between different patterns.
The output of a single nonlinear oscillator in CPG can be
represented by:

V() = a;(t) sin(¢i(t)) (5)

where ¢; is a state variable and denotes the phase of the ith
oscillator, ¥; denotes the output trajectory of the ith oscillator.
Here, the two outputs ¥} and ), serve as the desired trajectories
for knee joint (z?lf ) and exoskeleton (z?f ).

Besides, the velocity and acceleration of the output trajectory
can be conveniently obtained as follows:

d*;
dtk
Therefore, the desired angle, angular velocity and acceleration for

knee joint (15‘]?, z?,f, i?,f) and the exoskeleton (97,99, 9¢) can be
generated by the two coupled oscillators.

(1) = ik sin(g; + %k). ©6)

The reference joint angle, angular velocity and acceleration
generated by CPG can be used to estimate the desired torque.
Besides, the phase difference between reference trajectories of
FES and the exoskeleton (®) is one of the most important
parameters in the control scheme, which can be online regulated
to avoid possible confliction between human shank and knee
exoskeleton. The desired motion commands (A;, €;, etc.)
for different motor patterns are adjusted manually based on
experimental protocol.

2.2.2. Feedfoward Control for FES
The feedfoward controller for FES contains three parts: (1) an
inverse dynamics module, in which the inputs are the joint
angle, angular velocity and acceleration provided by the CPG
network, and the output is desired actuation torque of human
knee joint; (2) a torque distribution gain §pgs, which represents
the percentage of torque that FES should provide; (3) an inverse
muscle model, which is used to obtain the modulated stimulation
pulse width as the output of FES.

An inverse dynamics model (IDM) of the knee joint
movement (shank swing) is developed, which is used to calculate
the desired torque in the feedfoward controller:

(1) = L5 (1) + BA (D) + K9 (t) + mglsino (1) (7)

where I,[Nms?/rad], m(kg] and [[m] are the segment (shank
and foot) inertia, mass and equivalent length, respectively;
Bs[Nms/rad] and Ks[Nm/rad] are the knee viscous damping
and stiffness coefficients; 9 (¢)[rad], & (#)[rad/s] and & (¢)[rad/s?]
denote the knee angle, angular velocity and acceleration, using
the desired trajectory and its first and second derivatives (i.e.,
l?f, 15‘,?, i§‘f); g =981 m/s? is the gravity constant; r}f(t)[Nm]
denotes the total desired torque needed for knee joint.

The desired torque that should be generated by human
muscles under electrical stimulation is a fraction of the estimated
total torque obtained by IDM, i.e., Tf?iEs = Opgs - t]f, and
the fraction is determined by the FES distribution gain §pgs.
An inverse muscle model based on Hill-type musculotendon
actuator is used to acquire the pulse width of FES. The Hill-
type model illustrates the activation and contraction dynamics
of human muscles. A model-based control method is adopted,
which used a piecewise linear recruitment function to describe
the muscular activation dynamics, a Gaussian function to
describe the torque-angle relation, and a linear function to
approximate the torque-angular velocity relation (Ferrarin et al.,
2001). The inverse muscle model can be given by:

2
alt) = tls(t) - exp [(W) } 1= 2D ()

®)

t _
a(t)(Usat — Ughres) + e )

Usf

u(t) =

where a(t)[Nm] denotes the muscle activation; A[rad], A, [rad]
and A3[rad~!s] are muscle and joint specific parameters used in
the contraction dynamics; u(t)[1s] is the stimulation pulse width;
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usat[128], Umres[pt] and ugp[11] denote, respectively, the threshold,
the saturation, and the scaling factor. These parameters are
individual variables, which can be acquired through experimental
indentification.

2.2.3. Feedback Control for Exoskeleton

The exoskeleton should provide two parts of torque: one is
to support its own motion, and the other is for human knee
joint motion. The exoskeleton torque compensator is designed
firstly, in which the knee exoskeleton is considered independently
without regard to the interaction with human leg. The desired
driven torque (z91) for the exoskeleton dynamics itself is

exo
estimated through an impedance model given by:

dl __
exo —

5% 4 B¢ + K08 (10)
where I, B, and K, denote the inertia, viscous damping and
stiffness of the exoskeleton, which are obtained by system
identification in experiment. ¥¢ is the desired trajectories of
exoskeleton provided by CPG. The human leg would not bear
any burden from the exoskeleton if 7. is completely generated
by electric motor in this case.

The desired assistive torque (72) that should be provided
by the exoskeleton depends on a distribution gain 8.y,, which
is a fraction of total torque of knee joint, i.e., 772
r]f. We design 8.y, and 8pgs as a pair of distribution gains.
In theory, Sexo + Sprs = 1. However, it has some difference
in practice, because Spgs is a fixed parameter, while 8.y, is a
flexible parameter that is updated online by parameter regulator.
The total torque of knee joint is also calculated according to
the knee IDM Equation (7), but it should be acquired in a
real-time approximation for feedback control, which needs the
information of actual angular position, velocity and acceleration.
In fact, the raw angle data measured by an encoder always
contain noise signals, which would make the estimation very
rough if we directly use the derivatives of the joint angle. In
our control system, a state estimation method based on adaptive
phase oscillators proposed by Ronsse et al. is used to acquire the
angular position, velocity and acceleration (Ronsse et al., 2011,
2013). Thus, a relatively smooth estimation of total torque can be
obtained. The product of the estimated total torque and the gain
Bexo 1s the desired assistive torque 792 that the exoskeleton should

exo
provide. In ideal condition, %2 should be equal to mutual torque

= 5exo .

Tput- In sum, the desired torque of SEA (rSdE 4) contains two parts,
one is for masking the dynamics of the exoskeleton and the other
is for providing necessary assistive torque.

The SEA controller realizes the torque control by a
proportional-derivative (PD) method, and the control
parameters kI;E 4 and kgE 4 are tuned at 0.1 and 0.001 by
trial and error. The mutual torque between human leg and the
exoskeleton (7,,,;) is measured in real time, which represents
the actual assistive torque for human leg or the resistant torque
for the exoskeleton. Therefore, the actual output torque of SEA
(t¢g4) minus the mutual torque (T,,¢) is the actual exoskeleton
torque (t21), which drives the exoskeleton itself.

Besides, a classical proportional-integral-derivative (PID)
controller is implemented as a position controller to reduce the
trajectory tracking error, and make the motion of exoskeleton

smooth and accurate. The error signal is the difference between
the reference trajectory and the actual angle of exoskeleton. The
control parameters kp, k;, and k; are tuned at 6.0, 0.12, and 0.01
by trial and error in the experiment. Even though the closed-
loop PID is for angular position control, the absolute accuracy of
trajectory tracking is not the most important issue in the control
paradigm. Actually, the combination of SEA torque control and
PID position control allows compliant interaction between the
knee exoskeleton and the human leg, as well as appropriate
trajectory tracking of knee joint.

2.2.4. Parameter Regulator

Parameter regulator is the key part in the cooperative control
scheme, which aims to update two key parameters, & (cf.
Equation 2) and &,y,. Parameter regulator has three pairs of
inputs (desired and actual angle, desired and actual angular
velocity, desired and actual mutual torque), and two outputs (&
and 8.y,). The two outputs are the online adaptive parameters.
Please note angular velocity is not measured directly from
sensors, and it is achieved by derivative operation of angle.
Therefore, only two pairs of inputs are shown in the parameter
regulator in Figure2. & is for CPG, which can provide
synchronization for FES and exoskeleton. &y, is for exoskeleton
controller, which can make exoskeleton adaptively compensate
the inadequate torque from FES (e.g., muscle fatigue).

Due to variations of different individuals in different
situations, an online regulating strategy based on policy gradient
methods is used to adjust these parameters (Kaelbling et al., 1996;
Peters and Schaal, 2006). FEXO Knee mainly focuses on rhythmic
locomotion, thus every period can be considered as a task trial. A
fitness function is introduced to assess the motion performance:

fr
J = / (0.125¢ + 1.2¢; + 0.556¢;)dt (11)
to

where fo and # represent the beginning and end of a trial; ep,
e, and e; denote the position error of knee joint (19]‘3 — 19}?), the

angular velocity error (z?lf — z?lf), and the assistive torque error

d2 a2
(texo - T

=), respectively. Actually, the mutual toque (Tyu) is

equal to 792, The updating rule of relevant parameters can be
given by:

86XU,h+1 = 8€X0,h - y5 V(sexo”‘sexa:sexa,h (12)

Dy = O — yoVollo=o, (13)

where y5 and y¢ denote learning rates and h € {0,1,2,...} is
the updating number. The updating time window is three cycle
periods (trial durations) for the two parameters, ® and §exo,
because of the partial derivatives in the discrete gradient descent
method.

3. EXPERIMENTS AND RESULTS

Experiments were conducted on nine subjects for evaluating
the performance of FEXO Knee with the cooperative control
method proposed. The experiments were approved by the Ethics
Committee of Shanghai Jiao Tong University, China. All subjects
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were volunteers and signed the informed consent before the
experiments.

3.1. Subjects
Five healthy subjects (H1~H5) and four patients (P1~P4)
participated in the experiments. The basic information of the
nine subjects is shown in Table 1. All the five healthy subjects
had no history of neurological or muscular disease. All the four
patients were hemiplegic. P1~P3 had paralysis on right side, and
P4 had paralysis on left side. The disease time of the four patients
was all less than 10 months. The experiments on the hemiplegic
patients were conducted in Shanghai Huashan People’s Hospital.
Some parameters in IDM for each subject were estimated
according to the anthropometric calculation method in Winter
(2009). The mass of the segment (shank and foot) was estimated
as 6.1% of the total body weight, the length as 28.5% of the
total body height, the center of mass as 60.6% of the segment
length, and the radius of gyration as 73.5% of the segment length.
The inertia is calculated as the product between the segment
mass and the square of the segment radius of gyration, i.e., I =
m(0.7351)2[Nms?/rad]. Other parameters in IDM were estimated
according to the empirical method in Ferrarin et al. (2001). This
is a rough model of the actual knee dynamics, so the variations
in stiffness K and the damping coefficient B during knee flexion
and extension movement were not considered. The movement
range of knee joint angle is —35° ~ +35°. The stiffness and
damping coefficients were calculated by the equations: K = w?I—
mgl/2[Nm/rad], B = 2nwI[Nms/rad] (Lin and Rymer, 1991). In
experiments, 7 and w of IDM were respectively tuned at 0.5 and
6 Hz for all subjects for simplicity, resulting an under-damped
knee motion.

3.2. Experimental Setup and Protocol

Before the evaluation experiments, some parameters about
the control system of FEXO Knee should be preset, which
were grouped for CPG network, FES feedfoward controller,
exoskeleton feedback controller, and parameter regulator.

The parameters of CPG network were determined by user
requirement and literature (Ijspeert et al., 2007). The parameters
for exoskeleton feedback controller were determined by simple
system identification in experiments. The parameters for FES

TABLE 1 | Information of subjects.

Subj. Gender Age Height [cm] Mass [kg] Physical
condition
H1 Male 24 168 61 Healthy
H2 Male 25 165 55 Healthy
H3 Male 24 170 65 Healthy
H4 Male 25 168 59 Healthy
H5 Male 25 170 73 Healthy
P1 Female 35 160 63 Brain Injury
P2 Male 61 160 70 Stroke
P3 Male 66 170 75 Stroke
P4 Male 64 156 58 Stroke

feedfoward controller were determined by experimental methods
in the reference (Ferrarin et al., 2001), and some pilot tests
on subjects. The parameters of regulator were determined by
trial-and-error test and literature (Peters and Schaal, 2006). The
general parameters for all the subjects are shown in Table 2. The
subject-dependent parameters are shown in Table 3. Regarding
parameter setting of FES, the pulse frequency was set at 50
Hz for all the subjects, the pulse amplitude I, [mA] was a
subject-dependent parameter, and the pulse width was the only
controlled variable.

During experiment, the subject sat on a chair and wore FEXO
Knee on the leg, two-channel FES surface electrodes were placed
over the anterior and posterior thigh, targeting two muscle
groups (quadriceps and hamstrings), as shown in Figure 3. The
subject was told not to perform any voluntary movements during
the experimental procedure.

The evaluation experiments were designed to assess the
cooperative control performance of FEXO Knee under different
FES levels. The purpose is to check if exoskeleton can provide
the proper assistive torque for knee joint if FES makes different
contribution. The experimental protocol is shown in Figure 4.
In the experiments, each subject accomplished three sessions
according to the FES level based on distribution gain (8pgs). The
distribution gain was arbitrarily chosen as rgs = 0.3,0.5,0.7,
meaning that the torque provided by FES accounted for 30, 50,
and 70% of the total joint torque. In each <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>