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Fig. 9 Knee joint angle, its velocity and the interaction force at the shank cuff. Larger joint angle indicates flexion and
positive force indicates pushing (ex. HAL pushes human leg into extension). Top Left: Autonomous control. Wearer
tries to swing earlier than HAL as if to increase pace. Top Right: Autonomous control. Wearer tries to swing later
than HAL as if to decrease pace. Middle Left: Autonomous control. Wearer tries to swing in accordance with HAL.
Middle Right: No actuation. Wearer swings according to the metronome. Bottom Left: Viscosity compensation
control. Wearer swings according to the metronome. Bottom Right: CVC mode. Wearer swings according to the

metronome.

the force is almost anti-phase with the velocity, since the
wearer is trying to decelerate HAL. In the case of no actu-
ation (Middle Right), the force is almost in-phase with the
velocity, since the wearer has to exert against mechanical
viscosity. In the other three cases, interaction force was
comparatively small, reflecting the nature of the motions.
It is interesting to see that with a healthy subject viscos-
ity compensation control and CVC do not make much
differences in amplitude, since his bio-electric signal and
motion is almost synchronized.

Compared to the joint angle and velocity trajectories
which seem to be resembling to each other among the var-
ious control conditions, which is natural after the task was
to swing the lower limb at the same frequency and ampli-
tude, the interactive force varies a lot. It implicates the
importance of measuring the interaction force directly.
For example, inverse dynamics method which computes
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the interactive force based on kinematic movement is not
appropriate to uncover such variation, since the interac-
tive force may not appear in joint motion by being bal-
anced with joint torques of human skeleton and HAL.
Simply put, it is possible that the human leg and HAL
pushing or pulling strongly each other, but still keeping a
static situation. Also, as shown in the results, HAL may
be assisting or preventing the motion of the human leg,
which is very important in evaluating the role of motion
assistive robots.

In this experiment, a simple task of single joint motion
was conducted to evaluate the plausibility of the method.
It was adopted as a test motion because it allows intuitive
interpretation of the estimated forces. At the same time,
this motion has clinically significant implication. In the
treatment course of rehabilitation after damage caused by
stroke or other neural or biomechanical injuries, patients
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first go through training of single joint motions lying on
a bed or seated on a chair, before going into the stage of
walking training. Since the robot assisted rehabilitation
is expected to be applicable to the single joint training as
well as walking training, data obtained in this section has
possibility to provide reference for evaluation of clinical
single joint training in a future perspective.

5. CONCLUSION

‘We proposed a method to measure the intraction force
between human and wearable robot based on strain
gauges installed on cuff frame. By this method, total
force of interaction at cuff can be measured at a good
accuracy, without affecting the interaction, whose plausi-
bility was shown in a single joint motion experiment with
HAL and a human wearer. Future work includes applica-
tion to locomotion support and analysis of effectiveness
of assist and safety.
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Abstract. Treadmill training after traumatic spinal cord injury is established as a
therapy to improve walking capabilities in incomplete injured patients. In this
study we investigate walking capabilities after a three month period of HAL®
exoskeleton supported treadmill training in patients with chronic (>6 month}
complete/incomplete (ASIA A — ASIA C) spinal cord injury. We monitored
walking distance, walking speed and walking time with additional analysis of
functional improvement by using the 10-m-walk test, the timed-up-and-go test and
the WISCI II score in combination with the ASIA classification.

1 Introduction

Previous studies have confirmed that regular treadmill training can improve walking
capabilities in incomplete spinal cord injurv patients [1-41. Over the last ten vears.

1 Introduction

Previous studies have confirmed that regular treadmill training can improve walking
capabilities in incomplete spinal cord injury patients [1-4]. Over the last ten years,
driven gait orthoses have been applied for such treadmill training in order to move
the patient’s legs continuously and physiologically [5-7]. However, such training
requires extensive resources, is locally limited to the treadmill, does not allow
supported walking abilities outside the driven gait orthoses attached to the treadmill,
and is limited only to passive motion of the legs. More recently, various exoskeleton
systems for paraplegic patients became available, which allow patient mobilization
outside the treadmill, though, mainly on a basis of passive range of motion (ROM).

" Corresponding authors.
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The HAL® Robot Suit (Cyberdyne Inc. Japan) however, additionally allows
voluntary machine supported active ROM (CVC mode) of incomplete paraplegic
patients by using minimal bioelectric signals recovered from hip and knee flexors
and extensors [8-10]. The goal of this study is to evaluate initial functional results in
chronically complete/incomplete paraplegic patients after using the supported active
ROM mode of the HAL® Robot Suit Exoskeleton.

2 Material and Methods

2.1 Subjects

We have investigated four patients (35 years to 62 years of age; 3 males and 1
female) with chronic (time since injury > 6 months) paraplegic spinal cord injury
participated in the HAL® Robot Suit training for a three months period. One
patient suffered from incomplete thoracic spinal cord injury (ASIA C), two
patients from an incomplete lesion of the conus medullaris / cauda equine (ASIA
B/C), and one complete paraplegic patient below Th 12 with zones of partial
preservation in L1-L3 (ASIA A).

2.2 Treadmill Associated Measurements

Walking distance, walking speed and walking time when wearing the robot suit
were measured on the treadmill at the beginning of the training, as well as after 6
and 12 weeks. Also the body weight support was measured.

2.3 Functional Measurements

To describe the functional improvement we did the 10-m-walk test before and
after each training. The timed-up-and-go test was done once a week. By using the
WISCI II score the needed support was documented.

2.4 Others

Additionally we measured individual spasticity of one patient with the modified
Ashworth scale. The muscle strength according to the Frankel scale was recorded
although as the ASIA score.

3 Results

During the training period, initial body weight support when wearing the HAL®
robot suit could be reduced from 30% body weight to 15% (3 patients) and
0% (1 patient) of body weight. The walking distance when wearing the robot
suit with voluntary machine supported active motion (CVC mode) increased
significantly from 62 m = 216 m to 260 m — 1153 m after three months of training
(as shown in Fig.1).
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Walking distance

distance {m)

Fig. 1 Walking distance in pre and post evaluation

The walking speed increased from 0.7 km/h up to 2.2 — 2.8 kivh. Only one
patient with spasticity had no improvement.

The walking time increased also from 12.09 — 18.14 min. to 18.01 — 30.03 min.

The needed time for the 10-m-walk test was significantly reduced in three
patients from 56.82 — 72.02 sec. to 16.50 — 27.44 gec.

All patients showed reduction of the needed time for the timed-up-and-go test
(31.22 ~ 82.03 sec. to 34.22 sec. — 74.06 sec.)

After the HAL® exoskeleton training the spasticity in one patient was reduced
from Ashworth IV to Ashworth II.

Two patients were able to reduce the support in the 10-m-walk test, measured
with the WISCI I score. The score increased from 6 to 9 points after 12 weeks (as
shown in Fig. 2).

One patient (date of injury 25.05.2011) switched from ASIA B (24.02.2012) to
ASIA C (05.06.2012). In the other patients we found no significant increase in
muscle strength.

236 M. Aach et al.

4 Discussion

Our preliminary results present in all patients significant increases in their
functional abilities already after a three months period of active training using the
HAL® robot suit in a CVC mode. Not only the treadmill associated walking and
the on ground walking increased. Although an improvement in the WISCI II score
and a switch in the ASIA classification were shown in some patients. These results
have to be evaluated against the background that all patients were chronic spinal
cord injured and were already on a constant functional level after intensive
standard neuro-rehabilitation training.

5 Conclusion

Treadmill training using the HAL® exoskeleton might be a useful innovative
training in chronic SCI-patients. However, these promising preliminary results are
only descriptive and must be confirmed in a larger group of patients, allowing
detailed statistical analysis before further conclusions can be drawn.
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Abstract. Training leads to increased neuronal excitability, decreased inhibition
and different types of neuronal plasticity. Most studies focus on cortical plastic
changes after cerebral lesions or in healthy humans. In this study, we investigate
cortical excitability and plastic changes after a three month period of HAL®
exoskeleton supported treadmill training in patients with chronic incomplete
spinal cord injury by means of electrophysiological measurements and functional
magnetic resonance imaging. Here we report preliminary results of four patients.

1 Introduction

Recent studies have confirmed that regular treadmill training can improve walking
capabilities in patients with incomplete spinal cord injury (SCI). In the last ten
years, driven gait orthotics have been used in treadmill training to move the legs
of patients in a physiological way. Now exoskeletons for paraplegic patients are
available. In a pilot study, the exoskeleton HAL® (Cyberdyne, Japan) was used in
treadmill training with bodyweight support. The HAL® system records voluntary
electromyographic activity with surface electrodes from the extensor und flexor
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muscles of hip and knee, and then actively supports the voluntarily initiated
movements.

In the somatosensory and motor cortex of patients with SCI, large-scale
somatotopic reorganization was demonstrated in a large number of studies [1-6].
For example, Henderson et al. investigated 20 subjects with complete thoracic SCI
[7]. SCI resulted in significant primary somatosensory cortex (S1) reorganization,
with the little finger representation moving medially towards the lower body
representation. Furthermore, although SCI was associated with gray matter volume
loss in the lower body representation, this loss was minimized as reorganization
increased. As analyzed by diffusion tensor imaging, the authors postulated that S1
reorganization resulted from the growth of new lateral connections, and not simply
from the unmasking of already existing lateral connections.

Considering these results, we hypothesized that treadmill training with the
exoskeleton HAL® would lead to plastic changes in the primary somatosensory
cortex of patients with incomplete chronic SCI as assessed by functional magnetic
resonance imaging (IMRI). Moreover, plastic changes were expected to be a result
of increased inhibition as assessed by somatosensory evoked potentials after
paired-pulse stimulation of the median nerves.

Here we report preliminary results of the first four patients with chronic SCI,
who participated in the HAL® training for a three-months-period.

2 Material and Methods

2.1 Subjects

We investigated four patients with chronic incomplete SCI with a time since
injury of more than 6 months. One patient suffered from incomplete thoracic SCI, -
three patients from an incomplete lesion of the conus medullaris / canda equina.

2.2 Electrophysiological Measurements

All patients underwent standard electrophysiological measurements with motor
evoked potentials, somatosensory evoked potentials and nerve conduction studies
before and after three months of training.

To assess changes of excitability of somatosensory cortex, we applied a paired-
pulse electrical stimulation protocol to the median nerves while recording SEPs
from the right and left S1, respectively. The stimulation protocol consisted of a
single pulse (pulse duration 0.2 ms) followed by a paired pulse (pulse duration 0.2
ms, ISI 30 ms) delivered transcutaneously via a block stimulator located above the
median nerve at the wrist at a frequency of 3 Hz. Stimulation intensity was 2.5
times of each patient's individual sensory threshold and was accompanied in all
patients by a small muscular twitch in the thenar muscles.
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SEPs were recorded using an electrode over the left and right S1, located 2 cm
posterior to C3 and C4 (CP3 and CP4) according to the International 10-20
system. A reference electrode was placed over midfront (Fz) position. SEPs were
recorded in epochs from 20 ms before to 200 ms after stimulus onset with a 32-
channel amplifier (bandpass filter, 100-2000 Hz; Brain AMP MR; Brain
Products) and stored for off-line analysis. For each single- and paired-pulse
stimulation, 800 stimulus-related epochs were recorded. Peak-to-peak amplitudes
of the cortical N20-P25 SEP components were analyzed. Paired-pulse suppression
was expressed as a ratio (A2s/A1) of the amplitudes of the subtracted second
(A2s) and the first (A1) N20-P25 peaks. Amplitude ratios < 1 indicate paired-
pulse-suppression while ratios > 1 represent paired-pulse facilitation.

2.3 Functional MRI Scan

fMRI studies were conducted in a 3 Tesla scanner using a 32-channel head coil
(Achieva 3.0T X, Philips Healthcare). Blood-oxygen level-dependent (BOLD)
images were obtained with a SpinEcho EPI sequence (TR 3200 ms, TE 35 ms, 224
mm “field of view’’, 3 mm slice thickness, voxel 2 x 2 x 3 mm). During the scan,
tactile stimuli were delivered simultaneously to the three phalanges of the second
digit of both hands using an airpuff device. A total of 480 stimuli were applied to
each side at a frequency of 1.25 Hz. Preprocessing and analysis of the event-
related fMRI data were performed using SPM8 (Wellcome Trust Center for
Neuroimaging, University College London, UK). Functional imaging data were
corrected for slice-timing and head motion.

2.4 Treadmill Training with HAL®

All patients performed daily treadmill training with the exoskeleton HAL®
(Cyberdyne, Japan) and body weight support for a three month period. Training
was supervised by a physiotherapist and a medical doctor.

3 Results

After three months of training, which led to a significant functional improvement
in all patients (results are presented separately at this conference), we found an
increased paired-pulse inhibition of somatosensory evoked potentials in both
hemispheres following median nerve stimulation at the wrist (as shown in Fig. 1).
This increased inhibition was accompanied by a reduced S1 activation of the
activated area in both hemispheres after tactile stimulation of the index finger (as
shown in Fig. 2). Standard electrophysiological measurements did not differ
between pre- and post-conditions (not shown).

PN
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Fig. 1 Mean paired-pulse ratios are plotted for both hemispheres contralateral to the
stimulated hand. After exoskeleton training period (post), the patients show decreased
amplitude ratios compared with the baseline {pre).

Peak 3156 18 46 BA I {p<Q.001 kel

Peak 81 -56-24 52 BA 1 {peD.001 kell}

Fig. 2 Functional magnetic imaging data of one patient show a decreased activation in the
somatosensory cortex during tactile stimulation after exoskeleton HAL® training.

4 Discussion

These preliminary results show plastic changes in the brain, which accompany the
functional improvement in these four patients. Since standard electrophysiological
parameters (MEP, SEP, nerve conduction studies) did not change after three
months of training, the results suggest that cortical plastic changes due to improved
use of the remaining intact spinal connections, rather than regeneration of the
lesioned spinal connections might be responsible for the functional improvement in
these patients.

5 Conclusion

Treadmill training using the exoskeleton HAL® seems to be a useful innovative
training method for chronic paraplegic SCI patients. However, so far these
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preliminary results are only descriptive, and must be confirmed in a larger group
of patients allowing detailed statistical analyses before further conclusions can be
drawn.
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METHODS: Subjects performed standardized functional testing before and after the 90 days of
intervention.

RESULTS: Highly significant improvements of HAL-associated walking time, distance, and speed
were noticed. Furthermore, significant improvements have been especially shown in the functional
abilities without the exoskeleton for over-ground walking obtained in the 6MWT, TUG test, and the
10MWT, including an increase in the WISCI II score of three patients. Muscle strength (LEMS)
increased in all patients accompanied by a gain of the lower limb circumferences. A conversion
in the AIS was ascertained in one patient (ASIA B to ASIA C). One patient reported a decrease
of spinal spasticity.

CONCLUSIONS: Hybrid assistive limb exoskeleton training resulis in improved over-ground
walking and leads to the assumption of a beneficial effect on ambulatory mobility. However,
evaluation in larger clinical trals is required. © 2014 Elsevier Inc. All rights reserved.
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Abstract

BACKGROUND CONTEXT: Treadmill training after traumatic spinal cord injury (SCI) has
become an established therapy to improve walking capabilities. The hybrid assistive limb (HAL)
exoskeleton has been developed to support motor function and is tailored to the patients’ voluntary
drive.

PURPOSE: To determine whether locomotor training with the exoskeleton HAL is safe and can
increase functional mobility in chronic paraplegic patients after SCL

DESIGN: A single case experimental A-B (pre-post) design study by repeated assessments of the
same patients. The subjects performed 90 days (five times per week) of HAL exoskeleton body
weight supported treadmill training with variable gait speed and body weight support.

PATIENT SAMPLE: Eight patients with chronic SCI classified by the American Spinal Injury
Association (ASIA) Impairment Scale (AIS) consisting of ASIA A (zones of partial preservation
[ZPP] L3-S1), n=4; ASIA B (with motor ZPP L3-S1), n=1; and ASIA C/D, n=3, who received
full rehabilitation in the acute and subacute phases of SCI.

OUTCOME MEASURES: Functional measures included treadmill-associated walking distance,
speed, and time, with additional analysis of functional improvements using the 10-m walk test
(10MWT), timed-up and go test (TUG test), 6-minute walk test (6MWT), and the walking index
for SCI Il (WISCI II) score. Secondary physiologic measures including the AIS with the lower
extremity motor score (LEMS), the spinal spasticity (Ashworth scale), and the lower extremity
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(SCI) each year in Germany. Recent statistics indicate that
more than 50% of these injured patients have a motor
incomplete lesion [!]. In patients with initial motor
incomplete SCI, at least 75% regain some kind of
ambulatory function. Better functional outcome is
associated with age, level of lesion, and the classification
in the American Spinal Injury Association (ASIA)
Impairment Scale {2]. In the first 2 months after initial SCI,
approximately half of the recovery occurs. Within the
following 4 months, a decreasing rate of recovery has been
observed. One year after injury, neurologic recovery is as-
sumed to be nearly complete {3]. Although conventional re-
habilitation programs enhance the performance of functional
tasks, the loss of strength and coordination substantially limit
one’s capacity for over-ground ambulation training [4]. In the
past two decades, body weight supported treadmill training
(BWSTT) has been proposed as a useful adjunct to enhance
locomotor function after motor incomplete SCI [5]. In pa-
tients with incomplete or complete SCI, a bilateral leg muscle
activation combined with coordinated stepping movements
can be induced in partially unloaded patients, standing on a
moving treadmill. Body weight supported treadmill training
enables early initiation of gait training and integration of
weight-bearing activities, stepping and balance, by the use
of a task-specific approach and a systematic gait pattern
16]. To facilitate the delivery of BWSTT in SCI patients,
the locomotor training evolved over the last 12 years and a
motorized robotic driven gait orthosis (DGO) has been
developed {7]. The advantages over conventional BWSTT
methods are considered to be less effort for attending
physiotherapists [&], longer duration, more physiologic and
reproducible gait patterns, and the possibility to measure a
patients’ performance. Several studies pointed out that
DGO training improves over-ground walking [9-13].
However, there was no reported difference in the outcome
of DGO training compared with conventional training.
A significant switch in the ASIA classification has not been
found [10.14].

possibilities. Three exoskeletons (Ekso [EksoBionics, Rich-
mond, CA, USA], Rex [Rex Bionics, Aukland, New Zea-
land] and Re-Walk [ARGO Medical Technolgies, Israel])
allow SCI patients to stand up, walk with a defined pattern,
and even climbing stairs mainly on a basis of passive range
of motion (ROM). The exoskeleton hybrid assistive limb
(HAL; Cyberdyne, Inc., Japan) offers the possibility of get-
ting connected with the SCI patient through electromyogra-
phy electrodes on the skin at the extensor/flexor muscle
region of the lower extremities. This allows voluntary ma-
chine supported ROM of incomplete SCI patients by using
minimal bioelectrical signals, recorded and amplified from
hip and knee flexors and extensors [13-17]. More recently,
these various exoskeletal systems allow the patients mobi-
lization outside the treadmill. A former study by Kawamoto
et al. | 18] concerning locomotion improvement using HAL
in chronic stroke patients, emphasized the feasibility for re-
habilitation of these particular patients.

The aim of this pilot study was to evaluate the possibil-
ities of exoskeletal locomotor training (HAL; Cyberdyne,
Inc.) under voluntary control and identify beneficial effects
on functional mobility of the patients. The hypothesis was
that exoskeleton treadmill training is feasible and safe in
application and capable of improving ambulatory mobility
in chronic SCI patients.

Materials and methods
Patients

We enrolled eight patients (two women, six men). The
meanzstandard deviation age at the time of enrollment
was 489.43 years. All patients were in the chronic stage
of traumatic SCI according to the time since injury of 1
to 19 years (97.2:£88.4 months). Inclusion criteria were
traumatic SCI with chronic incomplete (ASIA B/C/D) or
complete paraplegia (ASIA A) after lesions of the conus
medullaris/cauda equine with zones of partial preservation.
Independent of ASIA classification, the enrolled patients
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must present motor functions of hip and knee extensor and
flexor muscle groups to be able to trigger the exoskeleton.
Exclusion criteria were as follows: nontraumatic SCI, pres-
sure sores, severe limitation of ROM regarding hip and
knee joints, cognitive impairment, body weight more than
100 Kg, nonconsolidated fractures, and mild or severe heart
insufficiency. Two patients suffered from an incomplete
thoracic SCI (ASIA C/D) from 3 to 13 years. Two patients
suffered from an incomplete lumbar SCI (ASIA B/C) from
12 to 13 months and four patients had a complete SCI with
zones of partial preservation in L3-S1 after lesions of the
conus medullaris. The classification according to the ASIA
was carried out before the treadmill training was initiated.
The study was approved by Ethical Board Committee of
Bergmannsheil Hospital and the University of Bochum
and followed strictly the declaration of Helsinki.

All patients provided written informed consent. The study
design was a single case experimental A-B (pre-post) design
by repeated assessments of the same patients (Table 1).

Intervention

During this study, the patients underwent a BWSTT five
times per week using the HAL exoskeleton (Cyberdyne,
Inc., Japan). The study was performed between June 2013
and September 2013 in the BG University Hospital
Bergmannsheil, Bochum.

Neither adverse nor severe adverse events occurred
during the intervention.

The exoskeleton

The HAL robot suit (Cyberdyne, Inc., Japan) is an
exoskeleton with a frame and robotic actuators that attach
to the patients’ legs. The joint movement is supported by
electric motors. Voluntary initiated minimal bioelectrical
signals recovered from extensor and flexor muscles of hip
and knee are detected via electromyography electrodes
(Fig. D).

Through a cable connection between the exoskeleton
and patient, this system allows voluntary robotic supported
ROM (cybernic voluntary control mode). Also a passive,
nonvoluntary ROM (cybernic autonomous control mode)
is possible (Fig. 2).

The treadmill

The treadmill system (Woodway USA, Inc., Waukesha,
WI, USA) includes a body weight support system with a
harness. The speed can be adjusted from 0 Km/h to approx-
imately 4.5 Km/h. During treatments, the velocity of the
treadmill was set individually between comfortable and
maximum speed tolerated by the patients. Approximately
50% of each patient’s body weight needed to be supported
by the harness system, individually reduced during the fol-
lowing sessions as tolerated without substantial knee buck-
ling or toe drag.

The training

The patients underwent a 90-day period of HAL
exoskeleton (Cyberdyne, Inc.) training (five per week),
including a mean number of sessions of 51.75%5.6. The
training was performed on a treadmill with individually
adjustable body weight support and speed, recording
walking speed, time, and distance. It included a 10-m walk
test (10MWT) before and after each session and regular phys-
iotherapy that lasted approximately 90 minutes. The training
was supervised by a physiotherapist and a medical doctor.

Measurements

Walking capabilities and neurologic status
All patients were assessed on admission by medical
doctors involved in this trial. The outcomes were assessed

Table 1
Subject demographics and clinical characteristics
Time

Age since WISCI
Case Sex (y) trauma, y Etiology Level ASIA/ZPP T Ashworth
1 M 40 13 #TUT8 T8 C 13 4
2 M 63 1 #Ti2 L1 B3 6 0
3 M 36 116 #TIUTI2TI2 AL3 6 0
4 F 55 108 #L1 L1 C 13 0
5 M 42 16 #L1 L1 AL3 9 0
6 M 52 10 #L3 L2 AL3 6 0
7 F 40 19 #L1 T11 A/St 9 0
8§ M 53 3 #TI2 T2 D 18 0

M, male; F, female; #, fracture; ASIA, American Spinal Injury
Association; ZPP, zones of partial preservation; WISCI, walking index
for spinal cord injury; T, thoracic; L, lumbal; S, sacral.

2850 M. Aach et al. / The Spine Journal 14 (2014) 2847-2853

Fig. 1. Positioning of the el yography el des on the knee
extensor and flexor muscles.

by physiotherapists neither involved in the study design nor
analysis after 45 days and on discharge from the training
period. An assessment through the ASIA classification

Fig. 2. Patient performing treadmill locomotion training with body
weight support and hybrid assistive limb exoskeleton.

was already done on admission and on discharge from
the SCI department, Bergmannsheil, Bochum, within the
initial therapy after acute SCI. The 10MWT, done before
and after each session, detected the needed time, the num-
ber of steps, and the required assistance to walk a 10 m dis-
tance [19.20]. The timed-up and go test (TUG test)
describes the time and assistance required for standing up
from the wheelchair, walk 3 m, turn around, walk back,
and sit down. It was performed every 2 weeks. The 6-
minute walk test (6MWT) was done at the beginning, at
half time, and at the end if possible, depending on the pa-
tient. It evaluates the distance and assistance while walking
for 6 minutes [21]. The main outcome was the functional
motor assessment by the walking index for SCI II (WISCI
1) [22,23]. The WISCI I score is a 20-item scale, measur-
ing the walking capabilities of a patient based on the re-
quirements of assistance because of walking aids,
personal assistance, or braces. Grade 0 means that the pa-
tient has neither standing nor walking abilities. Grade 20
means that no assistance is needed to walk a distance of
10 m. The neurologic status was assessed using the ASIA
Impairment Scale modified from the Frankel classification
and classifies motor and sensory impairments that result
from a SCI [3]. The lower extremity motor score (LEMS)
acquired in this study was obtained by the addition of the
impairment scores (0-5) of the lower extremity key
muscles of both sides. Muscle volume was assessed by
manual measurements, 20/10 cm above and 15 cm below
inner knee gap.

Statistical analysis

Descriptive analysis of the demographic and injury
characteristics was done using frequency distribution
for categorical data and mean for continuous variables.
Differences between pre- and posttraining sessions were
assessed by a paired ¢ test (for continuous variables).
Treatment effects on functional performance as the WISCI
Il are all ordinal scales. Medians were used as descriptive
statistics for these outcomes, and nonparametric tests were
used to assess the relative effect of the treatments.

Results were considered statistically significant when
the p value was =<.05.

Results
Treadmill associated results

All patients improved in treadmill training by using HAL
(Cyberdyne, Inc., Japan). The mean walking speed increased
from 0.91+0.41 m/s (0.5-1.8 m/s) in the first session up to
1.59+0.5 m/s (0.8-2.1 m/s) in the last session after 3 months.
The progress in speed after 6 weeks of training was lower
than in the first weeks. The range was located between 0
km/h and 0.8 km/h. The mean walking time at the beginning
was 12.37£4.55 minutes. The average walking time at the
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1600 Table 2
N Comparison of pre- and postinterventions

e Outcome

1200 ; Before training After training n
s 200 10MWT speed (m/s) 0.28x0.28 0.320.34% 8
s Number of steps 29.88+7.85 19.38x3.16 8
I 6MWT distance (m) 70.1:2130 163.32160.6 8
g TUG test (s) 55.34:£32.20 38.18£25.98* 8
2 o0 Distance (m) 195.88+166.71 954.13£380.35° 8

WISCE-I 10£434 11.123.68 8
0 10MWT, 10-m walk test; 6MWT, 6-minute walk test; TUG, timed-up
200 - and go; WISCI, walking index for spinal cord injury.
Note: Values are meansstandard deviation.
o * Pre-post difference, p<.05.

before Hwoeks after

Fig. 3. Changes in treadmill-associated walking distance in pre-, mid-,
and postevaluations. m, median. *pre-post difference, p<.05.

end was 31.979.45 minutes. The mean ambulated distance
at the first session was 195.9+166.7 m and increased to
954.13+380.4 m on discharge (Fig. 3).

Functional outcome

Although the mean improvement concerning the WISCI
II score was not statistically significant, three patients
showed functional improvement in gait abilities. Two
subjects needed braces, a walker, and support by a physio-
therapist at the beginning and were able to walk after the
training series only with a walker and braces (WISCI II
score increased from 6 to 9). One patient increased from
9 to 12 and, therefore, was able to walk with two crutches
and a brace compared with a walker and a brace before the
trajning. At baseline, the mean WISCI II score was 10+4.3,
At the end of the 90 days trial, the mean WISCI II was
11.13£6.68. Improvements in speed and endurance in
over-ground gait assessments in all participants have been
achieved. The 10MWT showed a significant increase in
mean gait speed at the end of the training period compared
with baseline (0.28£0.28 m/s vs. 0.50%0.34 m/s) (Fig. 4).

The improvement corresponded to a 44% faster walking
than in initial evaluation. It also includes the reduction of
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Fig. 4. Changes in 10-m walk test in pre-, mid-, and postintervention
evaluations. m, median. *pre-post difference, p<.05.

support needed detected by the WISCI II score. The mean
number of steps decreased from 29.8:£7.85 to 19.4:+3.16.
‘We observed significant increase in gait speed from pre-
to midtraining and from mid- to posttraining assessments.
Similar results were detected for the TUG test. The mean
time needed for the TUG test decreased from 55.34+32.2
seconds to 38.18%25.98 seconds. The 6MWT was done
with a constant walking time of 6 minutes without any
break. Only three patients were able to perform the
6MWT before the training with a mean walking distance
of 187+162.2 m. The subjects in this subgroup improved
their performance and increased the walking distance to
287.3%229.4 m. After completing the training, all eight
patients could be evaluated, therefore the overall mean
distance increased from 70.1+130 m to 163.3%160.6 m
(Table 2).

The LEMS increased in all patients. The mean LEMS
before the training increased significantly from 21.75%8.3
to 24.38:£7.6 after the intervention (Fig. 3).

40

35

30

25

20

LEM-Score

15

10

pre post

Fig. 5. LEMS in pre- and postevaluation. LEM, lower extremity motor
score; m, median. *pre-post difference, p<.05.
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One patient switched in the ASIA scale from ASIA B to
C, he was at the beginning of the training 12 months
posttrauma.

Others

To describe muscle volume, measurements of the
circumferences 10/20 cm cranial of the inner knee joint
gap and 15 cm distal of it have been done before and after
the 90 days of training. Seven participants showed a gain of
muscle circumference from 5 mm up to 50 mm. In one
participant with edema in his lower legs, we observed a loss
of circumference up to 25 mm. One patient suffering from a
thoracic SCI presented a significant spinal spasticity. For
spastic motor behaviors, we used the modified Ashworth
scale to evaluate the involuntary resistance to passive
stretch of the quadriceps muscle group. At pretraining
evaluation, he showed an extensor spasm with high
resistance to passive stretch according to Ashworth 4. After
the training sessions, the resistance was reduced according
to Ashworth 2. This level lasted for about 6 to 8 hours with
a new maximum level at the next morning. All other
patients showed no spastic motor behaviors.

Discussion

The objective of the study was to determine whether
locomotor training with the exoskeleton HAL is feasible
and safe in application, improves functional mobility, and
increases motor functions in chronic paraplegic patients
after SCI. The results obtained revealed a highly significant
improvement for over-ground walking abilities evaluated
by the IOMWT, the 6MWT, and the TUG test and the
partial reduction of physical assistance and walking aids
in the WISCI II score. Muscle strength, measured with
the LEMS increased in all patients.

The results acquired in this clinical tral imply that
HAL-supported locomotion training can improve walking
abilities in terms of speed, gait, and distance. Furthermore,
it improves motor functions.

Thus far there is insufficient evidence and only a few articles
addressing the main hypothesis of this study that locomotor
training improves walking function for patients with SCI {24].

The present study is according to the knowledge of
the authors the first to investigate the impact of
HAL-supported locomotor training in chronic SCI patients,
where referring to the current state of knowledge no further
functional improvements are to be expected.

In the subject population consisting of eight patients
including patients suffering from SCI from 1 to 19 years
(8.03x74 years), all patients improved significantly
regarding treadmill-associated walking distance and
speed and functional improvement was detected in the
over-ground walking tests.

Although no significant influence was seen on the
requirements of assistance in the 10MWT, three patients
attained improvement in walking abilities according to the

WISCI 11, under condition of a comfortable and stable gait.
A further reduction of assistance was not forced because of
more pathologic gait or higher risk of falling {24].

Although the evidence is still insufficient, the
effectiveness of automated locomotor training using the
DGO in patients with chronic SCI is being investigated
and considered promising in several systematic reviews
including a Cochrane review [25.26]. The results
mentioned previously add to the wealth of that data
presuming that HAL-assisted locomotion training is useful
in terms of functional mobility and a safe adjunct to the
treatment of patient with chronic SCL

Our study had several limitations: the relatively small
number of patients (n=8) and the mixture of complete
and incomplete SCIs.

However, all the patients were treated in the same
facility by the same multidisciplinary team, according to
a standardized protocol.

In summary, our study provides the first data
demonstrating the clinical potential of HAL-locomotor train-
ing based on voluntary drive in patients suffering from
chronic SCI.

It was proven to be a safe device for locomotion therapy
as neither adverse nor severe adverse events occurred.

However, continued research in the form of large
randomized trials to compare the efficacy of HAL-
assisted training with well established, conventional
therapies is necessary.
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13482:2011 3Bt %, —RIMEEA HAREURIERHE 0QA) ITiR
L, 2013 4 2 i, ISO/DIS 13482:2011 DR FIOFAL %18
BT ENTERS).

ISO/DIS 13482:2011 T, [6]~[9] % £ DEEL LMK LA
BRI, VAT ERAAY FHBERENT VS [10). ZO7ehA—
A—HEREERUST HHCIE, HR LR SBEOY R/ EREY
PRI IR T B REN BB, KRN T, Sec2 THAL B
HEOBERRNEDD, Sec.3 T, BRI RABBICIRH L
HAL AU R 7 EHEO—HERL, CD AP ED LS
Y AV EBEEEM LR RRS. HAL FHROY A7 BEE
DRERRIE, — RS TBITREI R Yy Mo LTS, 2R
WCHEFTE B LEZDNS (Secd). AN, HFEHTHEID
Ry bOBHERLT, EERORY b, COTR, EETEORy b
DRFUEB X UEELO—BIL 25 T L ZH/FT 5.

IS0 BAEIE, TOREDRICH > T, ZRERR (CD), AFRBHER
©I3), FHERFUEIRER (FOIS), EREIE (8) LRITENS. DIS M
—HUC AFRREL D, BAEASATEE L /2B, L, FDIS 571k DIS
BAFETE L E578H, DS TOEERTONE LS. HHBEN
DIS TEAEZEGL TV, 1S BITRICHDECS LT, &HT IS
Ik BREDERURT B T Licie . —RIICIE DIS LI, BRAKEL
b3 T LidDirnizh, DI BIEEEUE L BRO IS T 3 @At
B, ZORNCITDNS.
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Fig.1 The Robot Suit HAL® for Well-being.
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GEBRHOEEI SHEELIBT T 21— AB TIT VA E
175 “FANRZy 7 BEHE ZIES LEHEARXNBVLNT
W3,

PEOHHENS, ZOERT BERICBNT, HAL fatf &
ERERTEICESIND BT TR, BVICERL, N
IEVF—ERD LT B, DE DA, BN, BEA, ]
B, EENENT - FRE R38R irEh bmETEL.
THEREERTRY b TR REOFER 2N IEEH
TERVWC ERERL, IR DRy MIBHWTE, TR
SEMERSTNBFRA LT > TS, HAL BALE T, Sec3 D
KTV R EBERERL, BRONTF—FT LIt +0% VRS
EHEEBUS LT, ZLRRERLTVS.

3. BAL#ERADOURIER

HAL #84ERIE 2013 4 9 BRORR T, EPY 160 HEiR, 400 &
LUEAE L THD, BRIORIBHEE 4,000 ALLEE EoTwn
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Fig.2 The abstract structure of Robot Suit HAL® for Well-being.
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HEDRLRFHDO—E[T TED, HEDSATIA I VD
FAT FHAOHE, BHEE, (tAN, B5E, 5IEHL, fyy—
CR,E, B BRI 2) ICEb5. COH TR, Y AP EEY
AT LS EN BN RHTEV AT LEELTED,
EHNCY RV ERT oL ARRDEATNS. FOBRLL
T,CD i3 2012 4 12 B, ERBBOSHAIITAV YA
FLOEBEEHETSH S 150 13485:2003 ORBEE, #RX&%: UL
Japan & DEREBL TW3 (111

3.2 BALBEHREOURIVEER

HAL B4tV A 7 EBICRFEEREWE (VR EER). T
NUSRE LT — R HELEIHY R 7, FE LY R VE
BT, I ND U AV ERBEOY A 72DV T IR
EREHTHD. NF—FORE, TV A7 O#E, VAZE
WOTHERORE, IS0 14971:2007 [7] BR—RI, HAL #EitHO
BE, B, BB R UMMM 0T 4 — FRw Zickhigbh
FFRREFBELTT 2.

TEY R OHECHT- T, BEMITEE BN TOEN,
BETRID YA EEFEOUMREHRRLRPTOI RIS
BERBVE[R] UAIERCH->TERLEVRAITIY S
A% Table 1, Table 2 IR &85, @M O MU F AETIR, &
BOBKE L EEOBEEOT P Y F A (Table 2) DHEHNBH,
EHCESHFOREL BBEEHRFTELN, o7eiztd, Table 1
ZEMLE.

Table 1, Table 2 T, IFHRREEZ AV TILIVET
DETTVD. THig,

o —EFRTKESEHMFEE LGS, YR ERENLD
WCTE, VR ZZAMBEICTERN
e AHENTZY R T OER, £F LS Y X7 EROBRE—
LW
o BRESEOEBAEECH D YT REREICERENS
D, ESAVRBEIC E > TR SN B HYEICH LT, &
FH BT A LY
o f, BELICERT S HERBI 7D THS. ¥,V
A7 TS5 7, EERREERER, Y A Off Y A7 KB
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BEEREMUICL L, E5IC, BROBBEERT 5 LML
THZEHD, RRA L Ul ZROMRRRE T, ALARP FRI
e - THRBIC Y R 7EREHB L0, T0is# k5, B
BB e LNV D TENE T L EX 5. ZDch, HAL
FBHLF T, Table 1, Table 2 HOMBEENS T MY 7 AEER
Ji: 192

Table 1 &, FAEHE Fx O { NF— B, BRRRAE ) BRELR
KRE LT, BBAEENE Tx THO { NT—F, EMRIRIE, &%)
DRET B L EOREREE Fr ZHDYTBEI VI FRATHD.
Table 2 i, BEMEE Fx TREPRETHLLT, TO/REOE
REBSxDEEDY AT LARVE, IS VO 4ERFETHDY
T3 MY IRTHS. HAL BHATE, VAZ LAV T4
LRARRRY AT, 1% bRATEIEABIND Y R 7 {EBER
HIBVAY, LIV ALRBETERVY RV L.

HAL 4ROV X 7 B, BRIKER &\~ REROD 2
EHRE Uk, HAL BRI YR OMEL LT, &F
ICEBHEOBER (N R o ERIRE = fad) 2EELE
BE,
o L, BTERRE, Thbb “HERIRVE—DAK

ICEENZRI ZRTRET B

o ERREEORRIZ T UE P2 < R0, ERREIc BB 5

NP— FORERIER SV
LW R BB, U R BEERE 2RIRETBLT, VR
JORERED L, BBELORWY RS EBERERTES LE
Z bhijz. %35, ISO/DIS 13482:2011 DFFEEURIC AV EY R
EEFICIE, ARIRIE 16 8, BEU, - F 1710 EHIEENT
Wiz

HAL DV R 7 EHZED T LT, 2 BREEO Y X
JEBEITIE, LTOR RSB T

Table 1 Occurrence frequency and its transfer possibility of {hazard, haz-
ardous situation, harm}

Transfer possibility
T1 T2 | T3 T4

Occurrence | F1 || FI’ FrI’ F2’ F2’
frequency R | FU' | F2 | F2 | F3
F3| F2° | F2? | F3* | F3%
F4 | F2’ F3’ F3’ F4’
Fx, Fx’ are the occurrence frequencies of {hazard, hazardous

situation, harm} as,

x=1: “never,”

x=2: “rare,”

x=3: “occasional,”

x=4: “often.”
Tx is the transfer possibility (avoidability) from {hazard,
hazardous situation} to {hazard, hazardous situation, harm}
as,

"x=1: “never” (“easy to avoid”),
x=2: “rare” (“possible to avoid”),
x=3: “occasional” (“difficult”™),
x=4: “often” (“impossible”).

BAEORy MERE x B x5 —3—

[FlR 1] $5—DDV R T ERWHEN,
o NF—RAET 0%
o N— RAERIRIEIC R T 5 DER <
o ERRIEAET 2 DR <
o ERIREAEEIC BB 3 DRE <
CBEEOERETETITS

DOTNOFREFF O ERE LT,

[FIR 2] B E 3 EROBRICBNT,

o WIRRBEMER I &, B AT FA 1 DOMRIREICE
BI354E,
o SR EAMEEEL T, VP RAVERRIRIBICBR Lix
A,
o ERIRIEDE LT E, AVBRICERTEZRE,
o ERIRIETH NICHINE N T3 VF—MEVEE
HERRFELPTL.

[FI& 3] BB TEREN TV BERRE, N — K, U R
EBAEOMISBRERR LRI,

HAL BHAOY R/ EERSKTR, fEE v T/ — R
Ufew U —fERRE UTc7zs), FTA DX 5% by 7Y Vot
BEEL, El—HTE, V7 b7 LEBERIEH LTI AT
LLAVD FMEA 2170, BEEPBEER DN — B/ —
REICFIZE LTz, R LT v TORBEERCET 3 Lic
xroiz.

BRI LT, BREYRIDPEDXSICY RV ERETER
EnBH%, Table 3 (ERIRAER), Table 4 (/NY'— FE) IR
BB A 70%, HAL Bt L BEEDETCER TN TS
fedle, T DOFHE L AR BN EMTREY R T TH B (Sec.2
BN,

Table 3 @ 2 7EIZ, fEIRIREE A BB Mn 2 01T BN
ZARNBRBAERATNS” IKDVT, MY R 7 OFHi%
ToTW5. HUEBAICEBEDTUTITICHS T LT, BB
KBXEHETS LEELTNS. VA Z7DY R T L)V
BRI THD, ZATERVIY AT EES>TVS. TOYRTE

Table 2 Definition of risk level

Severity of harm
S1 [ s2 ] s3] s4
Occurrence | F1 I 1 1 I
frequency [F2| 1 I I g
ofharm MRz T I | @ | ¥
F4|| I | v | vV

L I, 10, IV are the risk levels.
Sx is the severity of harm as,
x=1: “no injury,”
x=2: “curable or minor injury”
e.g. cut or scrape of skin,
x=3: “incurable or serious injury”
e.g. loss of fingers or limbs,
x=4: “mortal injury.”

THRRIRBERIC X 5 Y X OFME LRI, (13) [14] 2B,

200x 4F xx A

4 MM MK % B E B

R T & T, BHENCIRNEREBREIT ) C L THERRT 5 .
LT3,

Table 3 D 3 {TEH T, VAV EBARL LTRLEL A
L, EEOBEASREE (52) K TEB LRAME>TVS. TD
L&, FRREOREFEENEL b E, UXTLAUHT EiD,
REAEELED. TOY AT ERFEOREE, BFRRORE
KXo THRT 3L LT3, ik, KLBEDRAIZ, #HE
RIEBTBIRAT YT AV v ROFBRZERHHHRCHID,
BRI RE Y XV ERSETHS.

FEROREE A OREFEREL L, KD YR VR TSI, K
H &2 33— R 5BHT 2 WHEEE TIPS L. Table 3
D 4 FEORETATOMD “OK+” i&, U A7 {EHAEML TT
bhBTEERLTVS.

fERRIRIE AICBB T AN —RE LT, Table4 D 217EHE 4
TRHENFNC, NP—REFRLTOS. N F 1, R
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BTED. ThECNT 3 ) X VEBAER, 3 17HE 517H
ZRENTVS. ThEOY R 7 {REIEOREME, MERHES,
HERRIC K> THRTER L LTVA. &, ThHDURY
KA, BREZSICH3 5 3 ATy TAY v RORLHH -
fHIFEEH R HT5.

Table 4 O 6 THICIE, BRI & U T, (EREPHERIC
K% TIEFT NP — FAIRENT V3. HAL BHEA OERBIEN
BHOFL—= Y JHERTH D, £, BFREIOERI RV
T LE—NE RS TV B, RESERENTEC S F2)
L LTV, TIFRICIR, KNS C L TEL B EEERIL,
EREEWTHE LTV, ChIBRERICBIT 5 3 ATy
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ATERICBETH D, DY R 7 EEE TR ERESE L
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BRESIBTS 3 ATy TAY Y FOER OB H-5.
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Abstract: In this research we introduce a wearable sensory system for motion intention
estimation and control of exoskeleton robot. The system comprises wearable inertial motion
sensors and shoe-embedded force sensors. The system utilizes an instrumented cane as a
part of the interface between the user and the robot. The cane reflects the motion of upper
limbs, and is used in terms of human inter-limb synergies. The developed control system
provides assisted motion in coherence with the motion of other unassisted limbs. The system
utilizes the instrumented cane together with body worn sensors, and provides assistance for
start, stop and continuous walking. We verified the function of the proposed method and the
developed wearable system through gait trials on treadmill and on ground. The achievement
contributes to finding an intuitive and feasible interface between human and robot through
wearable gait sensors for practical use of assistive technology. It also contributes to the
technology for cognitively assisted locomotion, which helps the locomotion of physically
challenged people.

Keywords: wearable sensors; motion intention; exoskeleton robot; hemiplegia; cane
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1. Introduction

Lower limbs exoskeleton robots offer major possibilities for support and rehabilitation of locomotion
affected people [1-3]. Active exoskeleton robots can be used to augment human power [1], to support
the locomotion of locomotion affected people [2,4,5], and to assist the process of rehabilitation as
well [6-9]. Exoskeleton robots act directly on the human body, and are meant to assist human locomotion.
Therefore, the design and control of these robots should be completely based on human characteristics,
not only from ergonomics perspectives but also from motor control perspective as well. Also, compliance
between the control system and different users is important. Thus, it is important to explore various
human-machine interfaces and human motion intention estimation techniques, and to develop flexible
control systems based on human motor control for the effective and proper use of exoskeleton robots.

For assistance of locomotion affected people outside the laboratory environment, issues of human-machine
interfacing, safety, wearability, and feasibility of the system should be considered. This paper addresses
the development of a wearable gait measurement system with its underlying human gait characteristics
and application to control of exoskeleton robot (Robot Suit HAL [1]). Robot Suit HAL is a wearable
powered exoskeleton for support and rehabilitation of motor function in locomotion affected people.
In recent studies the feasibility of rehabilitation training with HAL has been verified for stroke and spinal
cord injury patients [8], and the locomotion improvement in chronic stroke patients after training with
HAL was demonstrated as well [9]. The system in this work is designed for assistance of Hemiplegic
persons with the single leg version of Robot Suit HAL. The single leg version is worn around the waist
and on the affected leg, with straps around the thigh and shank segments to transfer the assist power
to the leg. Power assist is provided through actuators at the hip and knee joints of the robot, while the
ankle joint remains passive (Figures | and 2 show a person wearing the single leg version of Robot
Suit HAL).

Figure 1. Illustration of the measured joint angles in the proposed system, and the concept
of synergy based control.
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Figure 2. Start, walk and stop support based on ground contact patterns.
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In recent years wearable systems for gait measurement and analysis gained significant improvements
in feasibility and application [10-15]. These systems use inertial measurement sensors such as gyroscopes,
accelerometers, and magnetometers for measuring the motion of limb segments and body parts. Also,
force sensors embedded in shoe insole or underneath it are used for measurement of ground reaction
forces and center of pressure in stance phases. Wearable sensors installed on the shoes [10-12] enable
measurement and analysis of gait variables such as the stride length and width, single and double stance
time, foot placement, and gait phases. Other wearable systems comprising inertial motion sensors fixed
on lower limb segments [13,14] enable capturing the kinematics of lower limbs such as joints angles and
limb orientation during ambulation.

The system we propose in this paper based on wearable technology is intended as an interface for
real-time control of an exoskeleton robot by hemiplegic people. For the purpose of exoskeleton control
application we consider inertial measurement sensors fixed on lower limb segments and force sensors
embedded in the shoe insoles to capture lower limbs kinematics and ground contact information. Also,
we consider using an instrumented cane as a mean for motion capture and motion intention estimation.
‘While in other wearable systems the cane is not considered, we propose that in the case of hemiplegia
the cane is incorporated in gait and, therefore, can provide valuable information for motion intention
estimation and interfacing with an exoskeleton robot.

1.1. Related Work

Few interfaces have been developed for lower limbs exoskeleton robots, with the target pathology
being hemiplegia or paraplegia. The bioelectrical signals are reliable information to estimate human
motion intention [1]. However, in the case of neuronal injury/dysfunction such as Spinal Cord Injury
(SCI) or stroke related paralysis, bioelectrical signals are different from that of healthy people or even
not available. Therefore, reference trajectory for the assisted limb(s) needs to be computed, and the
motion intention need to be estimated in different ways [2,4,5].

Kawamoto et al. [4] developed a control system for single leg version of Robot Suit HAL by using
FRF (Floor Reaction Force) sensors to detect the gait phase shifting intended by the user. The readings
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from FRF sensors embedded in the shoe insole of the wearer were used to determine the current phase
and phase shifting during gait, and the robot is then operated by assembling segments of reference
trajectories extracted from healthy people to restitute the motion of the impaired limb. The reference
trajectories are beforehand adjusted according to the user’s physical conditions. More extended work
has been realized for the case of paraplegia in [5]. In this work gyroscope, accelerometer and level
sensors measure the tilting angle of the user’s torso according to his anatomical lateral plane. And this
information is also used for detecting the phase sequence intended by the wearer.

Krausser and Kazerooni [2] developed a Human Machine Interface for SCI people with an
exoskeleton robot (eLEGS) and two crutches. The user convey his/her intention to the robot using the
two crutches to perform Four-Point gait with assistance from the robot and the crutches. The sensor suit
comprises load measurement mechanism on the crutches, inertial sensors on the arms, force sensors
in the shoe insole, and angle sensors on the robot’s actuators. The robot uses hip and knee angle
measurements, foot pressure, arm angle, and crutch load to determine the current state and state transition
in a state machine controller customized for Four-Point gait.

1.2. Proposal

Human Locomotion Synergies: The methods mentioned previously do not consider human
inter-limb synergies in gait. Human gait is not only a function of the lower limbs, but also a coordination
between upper and lower limbs as well [16-20], adding to balance and cognitive functions. Research
on human locomotion have shown evidence for the existence of a task-dependent neuronal coupling of
upper and lower limbs [21,22]. Also, research on inter-limb coordination after stroke [23] indicated that
stroke patients in the acute stage have close to normal synergies in the unaffected side, and that synergies
in the chronic stage depend on the level of recovery. It was also demonstrated that high functioning
stroke patients preserve the ability to coordinate arm and leg movements during walking [24].

Proposed Approach: In this work we propose a system for control of exoskeleton robot by fusing
sensory information from upper and lower limbs. We developed a wearable gait measurement system
based on inertial measurement sensors and force sensors, and we fuse the sensory information for control
of single leg version of Robot Suit HAL in real time. The system is targeted at persons with hemiplegia.
In case of Hemiplegia, the person usually uses a cane in the unaffected arm (contralateral to the affected
leg) to support body weight and balance [25,26]. Therefore, we propose to utilize an instrumented cane
J[forearm-type crutch, as a part of the interface with the robot. We equip the cane with motion and force
sensors to capture its motion, while it is still supportive for the user’s balance and somatosesnory as a
traditional walking aid.

Instrumented Cane: The cane as a walking aid does not only provide biomechanical support but also
an augmentation to somatosensory, and therefore leads to enhanced posture control. John J Jeka [27]
showed in a series of studies that “sensory input to the hand and arm through contact cues at the
fingertip or through a cane can reduce postural sway in individuals who have no impairments and in
persons without a functioning vestibular system, even when contact force levels are inadequate to provide
physical support of the body”. Jeka’s studies [27] were in quiet stance case. However, other studies




- §9%¢ -

Sensors 2014, 14 1709

showed similar benefits during ambulation. Rumpa et al. [28] showed that touch cue through the cane at
weight acceptance of the paretic leg provides mediolateral pelvic stability for stroke persons.

The system devised by Krausser and Kazerooni [2] utilized two canes for motion intention estimation.
The HMI they developed utilizes the ground contact of the cane and feet to allow four-point gait for
paraplegic persons with an exoskeleton robot. Jang et al. [29] also explored walking intention estimation
with a cane, but rather through motion sensors fixed on the hands (glove module) and contact force
between the palm of the hand and the cane’s handle. The mentioned examples utilize sensory information
through the cane only for estimating the stepping intention. Thus, control of the exoskeleton is step-wise
and segmented according to Three-Point or Four-Point gait patterns, considering the case of paraplegia.
In the case of hemiplegia, on the other hand, the person has a nearly unaffected side on which he/she
uses the cane. Therefore, we consider that the cane in this case could be used in a continuous manner,
and could also accommodate the inter-limb synergies as well.

2. Methodology
2.1. Synergy Analysis

In the proposed system we aim to use the cane to capture the unaffected arm motion, and to utilize it in
the human machine interface with the robot based on its coordination with the lower limbs. Therefore,
we first conducted an investigation to verify that the cane is incorporated in the joint coordination of
upper and lower limbs [30]. In our investigation we asked seven healthy subjects to walk on a treadmill
with/without a cane, and captured their kinematics with a 3D-Motion Capture System (see [30] for
details). The joint angles and angular velocities of the shoulder, elbow, hip and knee joints for the right
and left side limbs, as well as the tilting angle and angular velocity of the cane were computed in the
sagittal plane (Figure 1). Three cases were inspected: (i) Joint coupling of the lower limbs; (ii) Joint
coupling of the upper and lower limbs; (iii) Coupling of the cane and the lower limbs. We extracted
and compared the synergies among the three cases by means of Principal Component Analysis (PCA).
The results showed that for each of the three cases the first four synergies (represented by principal
components) accounted for about 95% of the data variation (Figure 3). This result indicate that the cane
motion falls into the synergies of upper and lower limbs in gait, and thus could be used in a synergy
based control approach.

2.2. Motion Intention Estimation

In this work we consider a motion intention estimation method based on synergies of human
locomotion. Vallery et al. [31,32] suggested a method called Complementary Limb Motion Estimation
(CLME). In this method it is possible to compute the reference trajectory for affected limb(s) in real-time
from the motion of other healthy (unaffected) limbs and the inter-joint coupling of healthy gait. In our
investigation [30] we found that the cane is incorporated into the inter-joint synergies of gait. Therefore,
we use the motion of the cane and the unaffected leg (considering the case of hemiplegia) together with
the averaged synergies of walking with cane to estimate the motion of the affected leg. In this manner,
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the assisted motion will be automatically coordinated with the motion of the healthy leg and the cane
(capturing the arm motion).

Figure 3. Group mean ratios of the first 4 principal components to the overall data for three
sets of variables: (i) upper and lower limbs; (ii) cane and lower limbs; (iii) lower limbs.
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2.3. Start and Stop

Motion intention estimation based on CLME [31,32] generates the reference trajectory for the
intended limb(s) based on synergies extracted from continuous walking. However, start and stop motions
have different synergies from those of continuous walking. Therefore, it is necessary to provide support
for start and stop motions separately, and to switch between start, continuous walking, and stop motions
accordingly. Although some researches have shown possible the estimation of gait initiation before
heel-off and toe-off [33]. Such studies are based solely on healthy patterns of gait, without consideration
of disturbed patterns after pathology. Therefore we decided to build on a more feasible approach for
estimation of start and stop intention that depends on the user actively conveying his/her intention. We
provide a button on the handle of the cane (Figure 2), close to where the thumb would usually rest, that
should be pushed before starting and stopping. Provided that the button is pushed, the system monitors
the ground contact pattern on both feet using force sensors embedded in the shoes of Robot Suit HAL,
and the cane’s ground contact using FSR sensors on the tip of the cane. Start and stop motions are based
on segments of trajectories extracted from walking with cane of healthy subjects. The control system
switches between assistance of starting, continuous walking, and stopping according to the current gait
status, button status, and ground contact patterns (Figure 2). This system will be explained in some more
detail in a later section.

3. System Overview

3.1. Wearable System

The motion capture system is currently the most accurate mean for acquisition of human motion.
However, systems based on inertial sensors for measurement and analysis of human motion (specially
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gait) have been steadily improving [13,14,34]. Using Inertial Measurement Units (IMUs) it is possible
to capture the body motion by placing an IMU on each segment and fusing their information.

We developed a wearable gait measurement system based on inertial sensors, force sensors and
embedded microprocessors to control exoskeleton robot. The system consists of three IMU modules:
two modules fitted on the thigh and shank of the unaffected leg to acquire its motion (Figure 4a), and a
main unit fixed on the cane (Figure 4b). Modules on the thigh and the shank acquire the motion (angle
and angular velocity) of the hip and knee joints of the unaffected leg. The shank module is connected
to the thigh module with wired serial communication, while the thigh module streams motion data from
both thigh and shank modules to the main unit on the cane (Figure 4c¢,d). The module on the cane is
the main unit (Figure 4c,d). It receives motion data via bluetooth from the thigh module, acquires the
cane’s motion (angle and angular velocity) from its own IMU, acquire the ground contact information
from force sensors in the shoes of the robot through wireless communication , acquire the cane’s ground
contact information from FSR sensors, compute the control commands for the robot according to the
current status, and stream those commands to the robot via WIFI communication. The force sensors
embedded in the shoes consist of floor reaction force sensors under the heel and forefoot for each foot.
The sensors provide continuous measurement of the floor reaction forces, and are used together with the
FSR sensors on the tip of the cane to monitor the ground contact patterns for start-walk-stop support as
well as for modification of control parameters in stance and swing phases (Figure 10).

Figure 4. Wearable system configuration and frame calibration.
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3.2. System Calibration

The sensor fusion algorithm for IMU takes readings from 3-axis Gyroscope, 3-axis Accelerometer
and 3-axis Magnetometer, and outputs the coordinates of sensor frame relative to reference frame (earth
frame) in quaternion form. Performance of the algorithm is described in [35], accuracy; <0.8° static
RMS error, <1.7° dynamic RMS error. In order to find the joint coordinates from the sensor coordinates
a transformation is needed from the sensor frame to the joint frame. For performing this transformation
we followed a procedure similar to that in recent methods [14,34]. The transformation from sensor frame
to joint frame is given by Equation (6)

g=deq (6)
The quaternions g%, ¢ and g5 represent the orientation of joint frame relative to earth frame, sensor
frame relative to earth frame, and joint frame relative to sensor frame, respectively. And operator & is
the quaternion multiplication. Therefore, to transform the sensor frame to joint frame we need to find
the orientation of joint frame relative to sensor frame ¢5. To do this we assume an initial position where
the joint frame is known relative to earth frame. In our system we consider the initial position as quiet
standing with the leg fully extended (leg completely vertical) and the person is roughly facing north.
In this pose we assume that the joint frame for both hip and knee joints is identical to earth frame. From
this position we can extract the quaternion of joint frame relative to sensor frame as in Equation (7)

=) eqf (M

After calculating ¢3 from the initial position we can use it to find the joint coordinates from the sensors
coordinates assuming that the sensor mounting on the limb segment will not change while walking
(sensor is attached firmly on the limb segment). We find the knee joint coordinates from the sensor fixed
on the shank, and the hip joint coordinates from the sensor fixed on the thigh. Then we extract the joint
angles in the sagittal plane since only motion in the sagittal plane is required in our system (the robot
only provides assistance in the sagittal plane).

For the cane module this procedure was not required since the module is permanently fixed to the
cane and well aligned to its axis. Therefore, just extracting the angle in the sagittal plan from the sensor’s
frame is adequate to produce the required cane’s tilting angle.

3.3. Robot Control

In our work we use the single leg version of Robot Suit HAL. The hybrid contro] algorithm of Robot
Suit HAL [1] consists of a human voluntary control and an autonomous control. The wearer’s voluntary
muscle activity is obtained from the bioelectrical signals, detected at the surface of the muscles, and then
the required assist torque of the actuators is computed from the estimated joint torque. An autonomous
control is also implemented based on the pre-determined motion primitives, together with the voluntary
control method. In this work we provide the control reference to the robot from the developed wearable
measurement system, and the robot’s embedded motor control algorithm handles the execution. This
modular approach for robot control allows for stacking additional modules of control in the future,
allowing the capacity for further considerations such as balance monitoring and head orientation.
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Robot control with the developed wearable system will be explained here in detail. The system
monitors the status of a start-stop button fitted on the handle of the cane and the ground contact patterns
of the feet and the cane to detect start, walk, and stop conditions (Figure 2). We figured the start and stop
conditions for this particular version considering the case of left side hemiplegia, where the user would
be holding the cane with the right arm (unaffected side), and the robot would be fitted on the left leg
(affected side). In this case we consider that the user would typically start with the left leg and the cane,
since the right (unaffected) leg is more capable of supporting the body weight and balance requirements
for starting. Accordingly, the start assist is triggered when the button is on, the right foot ground contact
force is large, and the left foot and cane ground contact forces are small (Figure 2a). Transmission to
the continuous walking mode is made at the next heel strike of the assisted leg, a state at which the
unaffected leg is near to toe-off, and the cane is at contact with ground or close to it (Figure 2b). From
this point assistance would be based on synergies based motion estimation from the cane and unaffected
leg. Figure 5 illustrates the signal flow of the control system at this state. Motion of the affected leg’s
hip and knee joints are estimated from the motion of the cane and the motion of the unaffected leg’s hip
and knee joints (all motions are angle and angular velocities in the sagittal plane), as in Equation (8)

2y = [Ty (8)

where z are the variables to be estimated: affected leg’s hip and knee angles and angular velocities, z;
are the known variables: cane and unaffected leg’s hip and knee angles and angular velocities, and I‘zl“f
is the rearranged matrix of the eigenvectors extracted from walking with cane trials of seven healthy
subjects [30], and rearranged for estimation of z; from z; [31]. The estimated trajectories are streamed
to the robot, and tracked with the actuators on the robot’s hip and knee joints with PD controllers. The
ground contact information from the robot’s feet are used to modify control parameters in different
conditions (Stance, Swing). To stop walking the user pushes the handle button again to release, then at
the next heel contact of the unaffected leg (Figure 2c), toe-off of the affected leg, the stop motion would
start, leading to quiet standing condition (Figure 2d). This pattern is also based on the stopping motion
being supported by the unaffected leg, being more proper for hemiplegic persons.

Figure 5. Schematic diagram of the control system in continuous gait.
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4. Experimental Evaluation

We devised various experiments to verify the function and feasibility of the proposed approach and the
developed system. We test the system here with healthy subjects to verify its function, and to inspect for
needed adjustments before trials with persons with hemiplegia. We asked healthy subjects to walk on a
treadmill with the proposed method being implemented with the wearable system and with a 3D-Motion
Capture System (MOCAP). Experiments were done with a left leg version of Robot Suit HAL, with
the cane being used in the right arm. In treadmill trials we only used the continuous walk support, to
avoid any fall risks that could result from using the start and stop support on a treadmill. We evaluated
the resulting gait variables for each case and compared the results among the two. Also, we asked one
subject to test the wearable system on ground with start and stop support to evaluate the feasibility of
those functions as well.

4.1. Subjects

We recruited four healthy male subjects for the experiments. All the subjects participated voluntarily,
and neither had any history of locomotion deficits. Subjects had an average age of 26.5 & 4.5 years,
average weight of 62.6 + 2 kg, and an average height of 172 + 0.5 cm. All subjects signed a written
informed consent, and all procedures were approved by the ethics committee of the University of Tsukuba.

4.2. Experimental Setup and Procedure

The experimental setup for treadmill gait trials is shown in Figure 6a. The motion capture system was
used for control and motion capture in the MOCAP trials, and only used for motion capture in trials with
the wearable system. All the subjects used the cane in the right arm, and wore single leg version Robot
Suit HAL on the left leg. All users used a magnetic safety key attached to the subject’s waist and to
the treadmill controller, the key will stop the treadmill automatically if a subject lags on the treadmill to
avoid falling risk. Also, one of the experimenters constantly watched over the experiment with control
over the exoskeleton robot so he could immediately switch the robot to free motion mode, such that
it could be easily moved by the subject, in any cases of imbalance. The treadmill speed was set to
1.5 Km/h for all subjects. The length of the cane and the shank and thigh segments of HAL were
adjusted to the individual comfort of each subject. Reflexive markers were fitted on the right leg thigh
and shank segments, four on each, and the same on robot HAL. Markers were also fixed on the cane to
be tracked by the motion capture system. All subjects were introduced to the structure and purpose of the
system, and they were all encouraged to modify the cane’s motion to reach a gait that is most convenient
for them, and each walked at his preferred cadence. Each subject was allowed a test trial of about two
minutes to get used to the system, and then we captured 2~3 trials of walking with the system, each for
about two minutes.
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Figure 6. Experimental setup and average trajectories for all subjects.
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4.3. Treadmill Experiments with the Wearable System and with Motion Capture System

For walking trials on the treadmill with the wearable system, the shank and thigh IMU modules
were fitted with rubber bands, and the cane’s module was fitted on it using a custom made casing. The
wearable units were calibrated as in Figure 4. The control system computed the reference trajectory for
the left leg (hip and knee joints) using the the motion of the right leg (hip and knee joints) and the cane,
together with averaged synergies of seven healthy subjects acquired from walking with cane trials [30].
The sensor fusion algorithm was run on each module at 128 Hz. The cane module receives motion data
from the thigh module at 128 Hz, and is connected to the robot via wireless network for receiving the
ground contact readings and streaming control commands at 32 Hz.

Also, we implemented the control system with a motion capture system MAC3D (Motion Analysis
Inc.) for comparison with the wearable system. Using the motion capture system we captured the motion
of the subject and the cane at 120 fps. From the frames of the motion capture system we computed the
angles and angular velocities of the right leg hip and knee joints, and the cane’s angle and angular
velocity, all in the sagittal plane. The ground contact was obtained from FSR sensors installed at the tip
of the cane and force sensors embedded in the shoes of HAL via wireless communication. The control
commands were transmifted to HAL through wireless network every other frame of the motion capture
system (60 Hz).

4.4. On-Ground Experiment with Start and Stop Functions

To verify the the function of the entire system with start and stop support, we asked one of the subjects
to walk with the system on ground and recorded his motion and feet ground contact from robot HAL.
The trajectories for start and stop support were extracted from three healthy subjects walking on ground
with cane. The subject performed seven steps including the start and stop steps.

5. Results and Discussion

To verify and evaluate the function of the developed wearable system, and the proposed method in
general, we extracted and compared the trajectories and step related gait variables from the walking
trials. For each subject we extracted 10 consequent gait cycles from a trial of walking with the wearable
system and 10 consequent gait cycles from a trial with the MOCAP system. Steps and gait cycles were
marked by identifying heel-strikes of the right and left legs from the ground contact data. We selected
the cycles as to avoid having more than 5 missing frames at any point. Then we interpolated any missing
frames with cubic interpolation, and smoothed the trajectories with a two-pass, 4th order, zero phase
shift, 6-Hz cut-off frequency butterworth filter [36].

Figure 6b shows the average trajectories for a complete gait cycle of measured joint angles. The
trajectories shown are the averages of the extracted 10 gait cycles for each trial, with the gait cycle
duration normalized for all trajectories to compare range differences and trends in those trajectories. The
dark lines represent the trajectories for trials with MOCAP control, and the lighter lines represent the
trajectories with wearable system control.
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The trajectories show close to normal assisted motion trajectory on the robot’s hip and knee joints,
compared to that of the unassisted motion on the right leg’s hip and knee trajectories. However, the
range of motion in the robot’s knee was smaller than that on the other side. This observation has several
possible underlying causes. One is imperfections in the motion estimation algorithm which is based on
linear approximation of the relationships between the variables (PCA) [30]. Another is the change in
balance and anatomy resulting from wearing a robot on one side of the body. From the cane’s trajectory
we note some variation in range between the subjects, as we encouraged subjects to adjust the motion of
the cane to reach more comfortable gait.

Figure 10. Start and Stop Support.
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Figure 7 shows the cadence of each trial. Though subjects walked at the same speed on the treadmill,
they had different body constitutions and walked at their own preferred cadence. Figure 8 shows the
average step length on right and left sides, and Figure 9 shows the symmetry ratio of the trials. Subjects
had slightly varying step length between the right and left sides. This is also seen in the symmetry
ratio (considered here as the ratio of right step to left step). Figure 9 shows that subjects 1 and 2
achieved close to 1 (more symmetrical gait) ratios for both the wearable system and MOCARP trials, while



