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Evaluation of HAL for Lumbar Support by 3D Skeletal Model

Hiromasa Hara," Yoshiyuki SANKAI"

Abstract  Low back pain (LBP) is one of severe diseases due to an overload onto lumbar area such as
vertebrae, disks and nerves. The pathogenesis of LBP are caused by the physical load on the lumbar during the
task of keeping a static posture, lifting a weight, spinning a lower back. To reduce the physical load, exoskeletal
robots are researched and developed However, it is difficult to verify nondnvasively the load reduction of wearer's
endoskeletal by motion assist. The load reduction of endoskeletal such as lumbar disks of area of injury can not be
verified. The purpose of this paper is to propose and develop 3D skeletal model and the method that verify load
reduction of wearer's endoskeletal, and to verify the effectiveness of HAL for lumbar support on lumbar load
reduction. 3D skeletal model that consists of vertebrae and disks was developed based on anatomical insight and
the radiograph of ordinary person. Finite element method (FEM) by using this model was proposed as the
evaluation method of motion assist of exoskeletal robots, We simulated this model of wearer holding a weight, and
analyzed the lumbar stress, without or with HAL support. The wearer held weights of 5-20 kg in a flexed posture.
The effectiveness of this model was confirmed, because the stress concentrates on lumbar disks in a flexed
posture. The analysis results showed that motion assist by using HAL decreases lumbar stress when it is
compared to without HAL support. We proposed and developed the methed that verify load reduction of wearer's
endoskeletal, and verified the effectiveness of HAL on lumbar load reduction. The evaluation method of motion
assist of exoskeletal robots was developed by this study. The proposed method can be applied to upper and lower
body. It is expected as new index of motion assist.

Keywords : motor function support, biomechanics, lumbar load, robot suit.
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Most patients with thoracic ossification of the posterior longitudinal ligament (OPLL) exhibit delayed recovery of gait dysfunction
after spinal injury. The hybrid assistive limb (HAL) is a new robot suit controlling knee and hip joint motion by detecting very weak
bioelectric signals on the surface of the skin. This study is to report the feasibility and benefits of patient-assistive HAL walking
rehabilitation for facilitating locomotor function after spinal surgery. The patient was a 60-year-old woman with thoracic OPLL,
and her motor and sensory paralyses did not improve after spinal surgery, indicating severe impairment in the paretic legs. The
subject underwent 6 HAL sessions per week for 8 weeks, consisting of a standing and sitting exercise and walking on the ground with
HAL. Clinical outcomes were evaluated before and after HAL training and 1 year after surgery. The subject improved considerably
as a result of HAL training. Subsequently, her walking ability recovered rapidly, and she was able to walk unaided six months after
surgery. This case study suggests that HAL training is a feasible and effective option to facilitating locomotor function and the early
HAL training with physiotherapy may enhance motor recovery of patients with residual paralysis after surgery.

1. Introduction Robotic therapy is becoming increasingly common for

gait rehabilitation after stroke or spinal cord injury, using an

Decompression is the primary treatment for patients with
compressive myelopathy due to thoracic ossification of the
posterior longitudinal ligament (OPLL) and ossification of
the ligamentum flavum (OLF), but surgical outcomes vary.
Studies of postoperative clinical outcomes of thoracic OPLL
indicate that most patients exhibit delayed recovery of motor
weakness in the lower limbs and gait dysfunction after
surgery (1, 2]. Gait dysfunction is the most important negative
surgical outcome, being a clinical deficit of spinal myelopathy

[3].

exoskeleton robotic device (e.g., Lokomat, LOPES exoskele-
ton robot) or a robotic device with foot-driven plates (e.g.,
Gait Trainer GT I, Haptic Walker) [4-6].Th e robot suit
hybrid assistive limb (HAL) is a new robot suit to assist
voluntary control of knee and hip joint motion by detecting
very weak bioelectric signals on the surface of the skin [7].
The HAL suit is a hybrid control system comprising cybernic
voluntary control (CVC) and cybernic autonomous control
(CAC) subsystems and has power units and force-pressure
sensors in the shoes [8, 9]. The power units consist of angular

« Power unit
« Angular sensor
actuator

» Force-pressure
sensor

Case Reports in Orthopedics

F1GURE 1: Newly-developed wearable robot suit, hybrid assistive limb (HAL). The HAL suit has power units and force-pressure sensors in
the shoes. The power units consist of angular sensors and actuators on bilateral hip and knee joints (a). Muscle action potentials are detected
through the electrodes on the anterior and posterior surface of the thigh ((b), (c)). Assist levels and force-pressure are shown on a computer

monitor (d).

sensors and actuators on the bilateral hip and knee joints
(Figurel ). The HAL suit can support the wearer’s motion by
adjusting the level and timing of assistance [7]. HAL training,
using muscle activity, has the potential to intensify the
feedback by evoking by an appropriate motion more strongly
than standard robot training [9]. HAL training has been
shown to improve gait speed or cadence for chronic stroke
and incomplete spinal cord injury 8, 9]. However, no studies
have attempted to clarify the feasibility of rehabilitation
with HAL for patients with residual paralysis after spinal
decompression for thoracic OPLL or OLE.

This case was markedly improved locomotor function
by training with HAL, although recovery did not start
until 7 weeks after spinal decompression of thoracic OPLL.
Therefore, we report a case of patient-assistive HAL walking
rehabilitation from an early stage for facilitating locomotor
functions for patients with severe residual paralysis.

2, Case Presentation

A 60-year-old woman (body mass index: 31.1kg/m?) pre-
sented with onset of pain and numbness in her right lower
limb and gait disturbance. The diagnosis was cervico-thoracic
OPLL. After 15 months, her symptoms had gradually pro-
gressed, showing motor and sensory paresis of the lower
limb and urinary disturbance. Magnetic resonance imaging
showed areas of OPLL extending from T2 to T8 and T9/T10
OYL (Figure2 ). Because of progressive myelopathy, she un-
derwent posterior decompression surgery two times. How-
ever, she showed aggravation of myelopathy after the second

FIGURE 2: Tl-weighted magnetic resonance imaging showed areas of
OPLL extending from T2 to T8 and T9/T10 OYL.

surgery, complete motor and sensory paralysis below T4, and
urinary retention. She then underwent anterior decompres-
sion surgery to remove the OPLL. Active movement of her
toes was weak at 1 day after surgery. She underwent physical
therapy (PT) with pharmacological and high atmospheric
pressure oxygen inhalation therapy. However, her motor and
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Conventional PT

Conventional PT + HAL training  Conventional PT

Walking
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[C]

FIGURE 3: Improvement time course of activity of the patient in a schematic view (a). Although she underwent conventional physical therapy
(PT), she was still bedridden 7 weeks after surgery. Locomotor functions of the patient improved considerably by intervention of the robot
suit hybrid assistive limb (HAL) training. Subsequently, the walking ability recovered rapidly (arrow). When she put on the HAL at baseline,
she could stand for only few seconds with assistance from three tree therapists (b). However, she could walk in the parallel bars at 12 weeks

after surgery (c) and could walk independently 1 year after surgery (d).

sensory paralyses did not improve. She was still bedridden
7 weeks after surgery and at risk of disuse syndrome. We
decided to use HAL in addition to the conventional PT such
as muscle strength exercises and range of motion exercises.
Before participating in walking exercise using HAL, the sub-
ject provided informed consent, and the study was approved
by the Ethics Committee of the Kagoshima University Faculty
of Medicine.

Clinical assessments were carried out at the initial eval-
uation (at 7 weeks after final surgery) and 8 weeks and8
months after HAL intervention (15 weeks and 1 year after
surgery, resp., Tablel ). After the initial evaluation, the sub-
ject underwent 6 HAL sessions of 70 minutes per week
for 8 weeks. Sessions consisted of a standing and sitting
exercise, and walking on the ground with HAL. Standing
and walking training started in parallel bars with HAL. A
typical 70-minute HAL training session proceeded as follows:
preparation of electrodes, putting on the HAL suit, and
computer setup (15min); HAL training (40 min, including
rest time); taking off the HAL suit and electrodes (15 min).
Three therapists implemented the training. The HAL suit
has a hybrid control system comprising the CVC and CAC.
The CVC mode of the HAL suit can support the patient’s
voluntary motion according to the voluntary muscle activity
and the assistive torque provided to each joint [9].Th is study
used the CVC mode, which allows the operator to adjust
the degree of physical support to the patient’s comfort and
gradually reduce support as training progresses. After the end
of HAL intervention, the patient underwent conventional PT

TABLE : Baseline and clinical assessment during follow-up period.

7 weeks 15 weeks
(baseline) (end of After 1 year
HAL)

MMT (U/L)5/ 1-2 5/3-4 5/4*-5
JOA score 8 i 13
ASIA classification C D D
{XSIA score (lower 3 34 2
limbs)

WISCIII 0 8 20
FIM motor score 22 40 83

MMT: Manual muscle testing. JOA: Japan orthopedic association (maximum
score: 17). ASIA: American spinal injury association. WISCI: Walking index
for spinal cord injury (score range 0 to 20). FIM: Functional independence
measure (maximum score: 91).

without HAL in another hospital, and she was discharged 10
months after surgery.

Locomotor functions of the patient improved consid-
erably by the intervention of HAL training. Subsequently,
her walking ability recovered rapidly and she was able to
walk independently six months after surgery. Figure3 shows
the improvement time course of activity of the patient in a
schematic view. At 15 weeks after surgery, she was able to sit
without back support and transfer to a wheelchair indepen-
dently. She could walk in parallel bars without HAL, although
rocking of the knee was observed while standing. At 1 year

after surgery, she was able to walk independently with a T-
cane.

3. Discussion

This case report describes the feasibility of facilitating loco-
motor functions with HAL training for patients with residual
paralysis after spinal surgery. Matsumoto et al. [10] reported
improvement in 36.8% of patients but deterioration in8.4%
after spinal surgery for thoracic OPLL in a retrospective
multicenter study of 154 Japanese hospitals. The present
patient was operated on 3 times and showed aggravation of
her lower limb myelopathy after surgery. Although recovery
did not start until 7 weeks after surgery, her locomotor
function markedly improved by combining training with
HAL, suggesting that HAL training facilitated recovery of
locomotor functions. The HAL may facilitate rehabilitation
by providing postural support and assisted voluntary muscle
activity during ambulation.

HAL is a robotic device with potential rehabilitation
applications that are dependent on the physical support it
can provide [9]. A patient’s recovery of locomotor functions
may be due to changes in plasticity of the spinal cord and
supraspinal centers. Appropriate sensory inputs, such as
maximum weight loading, facilitating proper trunk posture,
and hip extension, are essential for maximizing functional
recovery [11]. Sensory input evoked HAL-induced motion
may affect the central nervous system, resulting in recovery
of locomotor functions. Furthermore, the visual feedback of
watching a display indicating the center of gravity and range
of motion of the lower limbs may also affect the central
nervous system. HAL rehabilitation can be implemented
safely and effectively for early mobilization and gait training
for patients with residual paralysis after spinal surgery.

This study had a clear limitation in that the HAL training
was started relatively soon after surgery. However, even if
this patient was still in the recovery period, her locomotor
function markedly improved by combining training with
HAL. HAL training at an early stage may be necessary to
prevent disuse syndrome such as muscle weakness in the
lower limbs or joint contracture. The subject may also have
experienced improved motivation for rehabilitation by HAL
training use from an early stage, because she had been
bedridden for 7 weeks after surgery. The findings from this
case report suggest that HAL training for voluntary control
of leg joint motion from an early phase is a safe and effective
option for restoring locomotor functions in patients with
residual paralysis after spinal surgery.

4, Conclusion

We concluded that for patients of thoracic OPLL, the early
HAL training with physiotherapy may enhance motor recov-
ery after surgery. Early mobilization using HAL may be also
advocated to prevent post surgery complications, such as
contractures and deep vein thrombosis.
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Abstract—Myoelectrical signals have many applications in
medical, sports, wearable robotics and computing fields. Wet
electrodes are widely used to acquire these signals. In contrast,
dry contact electrodes and noncontact capacitive coupling
electrodes have been developed. However, their use has several
limitations. In this research, we developed a hybrid electrode
that is capable of both capacitive and resistive recordings by
optimizing the sensor input impedance value using a new
electrode noise model that contained noise sources. We extend
this design so that noise originated during real usage, such as
motion artifacts and noise from electric motors is also measured
and removed from the sensor output. In experiments, noise
analysis and experiments were performed by measuring
myoelectrical signals from both upper and lower limbs in
realistic situations, including weight lifting, robot arm control,
and walking on a treadmill. As the results, we verified that our
electrodes were capable of bioelectrical measurements at noise
levels comparable to wet electrodes in realistic situations and
with high correlation coefficients between both types of sensors.

I. INTRODUCTION

Bioelectrical signals generated by muscle activity, known
as myoelectricity, have become an important source of
information about movement intention. Myoelectrical signals
have been useful for interfacing with physically assistive
devices, such as the Robot Suit HAL [1-3], and prosthetic
limbs [4-5]. Applications on other areas of human life, such as
entertainment industry and virtual reality are also gathering
attention [6-7]. However, for such fields, high usability is a
requirement alongside high performance.

Traditionally, wet electrodes have been widely used to
perform myoelectrical ~measurements. Because the
measurements rely on a passive and resistive electrical contact
point, using wet electrodes has major drawbacks such as the
requirement for skin preparation and the use of conductive
gels [8]. Dry resistive electrodes have been developed to
increase sensor performance and usability [9-10]. The dry
electrodes rely on active resistive contact with the user's skin
surface. Active sensing eliminates the need to use the
conductive gels and the problems associated with its use.
However, skin preparations such as body hair removal and
cleaning may be required because constant electromechanical
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skin contact is still required for bioelectrical sensing. In order
to eliminate this requirement, noncontact electrodes that are
capable of achieving capacitive coupling between the
electrode lead and the user’s skin have been proposed [11-15].
However, ultra-high input impedance is required. Ultra-high
impedance input is highly susceptible to any electrostatic
noise that originates from the surroundings. Therefore, robust
shielding, isolation, and current leakage prevention
techniques are mandatory to reduce the noise. Furthermore,
complex low noise bootstrapping techniques are necessary to
avoid drift due to the bias current from the input. These
disadvantages make capacitive electrodes larger, noisier, and
more expensive than conventional electrodes.

In order to solve the problems of the previous bioelectrical
measurement technologies, we focused in combining the
properties of both dry and noncontact electrodes in to a new
hybrid resistive-capacitive electrode by optimizing its input
impedance so that it is sufficiently high to record bioelectrical
signals but low enough to reject external electrostatic noise
[16]. However, previous studies consisted of only
proof-of-concept basic experiments performed at ideal
conditions. Noise from real life situations such as motion
artifacts or near high-power devices such as electrical motors
are still an issue [13]. In order to solve these problems, the
sensor must be designed not only to sensitively measure
bioelectrical signals but also to sense and subtract external
electrostatic noise from the sensor output.

The aim of this study is to develop a novel hybrid
resistive-capacitive electrode using an original sensor based
on a circuit model using optimized input impedance for
bioelectrical signals while also measuring high frequency
noise and removing it from the sensor output. In this study, we
focused on a novel extension to our bioelectrical measurement
model [16] by actively measuring electrostatic noise and
canceling it. This new model allowed us to develop a new
electrode design with two inputs, one for electrostatic noise
and one for bioelectrical signals, at different input impedance
settings which are locally processed using analog circuits.
Noise analysis and myoelectricity measurements on lower and
upper limbs showed that our electrode maintained a low noise
level that was comparable to the noise level maintained by
commercially available wet electrodes on both resistive and
capacitive modes.

II. MATERIALS AND METHODS

A.  Measurement Principles

Bioelectrical recordings are performed throughout active
resistive contact with the skin when the electrodes are capable

978-1-4673-6357-0/13/$31.00 ©2013 IEEE 4249

of electromechanical contact(resistive mode). In the case of
poor electromechanical contact conditions, the electrodes
measure bioelectrical signals by capacitive coupling with the
skin(capacitive mode). The model for our hybrid electrodes
contains two built in sensing leads, one for the bioelectrical
signals and one for electrostatic noise. The sensor output is
given as the difference of potential of both sensing leads as
Vou=Ve=Viun O]
where V,,, is the sensor output, ¥}, is the bioelectrical
signal with noise and ¥}, y is noise originated from motion
artifacts or pulses from nearby electrical devices. Figure 1
shows the equivalent circuit when the electrodes are in use.
This model also includes noise from capacitive sources as

R R R
Vg ==V, +=—V, . +==V, 2
N ch ne Z,,_m» nsei Zse,» BES ( )

where Vi is the bioelectrical signal voltage, ¥, is the
total noise source voltage at the skin-electrode surface, V. is
the total noise source voltage on the electrode board, Z,; is the
skin-electrode interface impedance, R, is the electrode input
impedance, ie., the input impedance of the bioelectrical
sensing lead, Z,,; is the noise input impedance at the
skin-electrode interface, and Z,. is the noise input impedance
on the electrode board. This noise can be significant if the
electrodes are in capacitive mode. However it can be
minimized when the sensor input impedance is optimal. Based
on our previous studies [16], we define the input impedance
optimal when it is just large enough to allow the sensor
electrode to capacitively sense bioelectrical signals. With
these settings the sensor input impedance is low enough to
reject low frequency capacitive noise signals from the
environment. Optimal input impedance is calculated using

Vw  d
Vaes €.6,427

where & is the dielectric constant in vacuum, &, is the
relative dielectric constant to the material, 4 is the electrode
lead sensing area nearest to the skin, fis the frequency of the

target signal and d is the distance between the skin and the
electrode lead.
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Figure 1. Electrode equivalent circuit

Similar equations are used when calculating the input
impedance R, y of the electrostatic noise electrode lead, but in
this case, designing the lead so it can sense only high
frequency noise signals over bioelectrical and low frequency
noise signals.

B. Developed Hardware and Noise Evaluation

Based on the proposed electrode model and assuming a
maximum 3 mm distance between the electrode and the skin, a
circular electrode lead with 38mm diameter and signal input
impedance of I TQ was developed. Furthermore, in similar
fashion the noise electrode lead is designed. Under these
conditions a 1 mm thick ring shaped electrode lead with outer
radius of 40 mm is designed. Noise input impedance R, y is
also set to 1 MQ, so that only noise signals with frequency
above the myoelectrical frequency spectrum are measured. In
resistive contact mode the area of the leads has little effect on
the input impedance and low input impedance contact are
enough to measure bioelectrical signal. Because of that the
noise sensing lead is electrically isolated using a thin layer of
plastic coating. Without the coating, in resistive contact mode,
very similar bioelectrical signals would be collected by both
the bioelectrical and noise sensing leads, canceling each other
during the differential preamplifier stage at the electrode. A
High Pass Filter circuit is also implemented by using
traditional circuits in order to eliminate undesirable offset
voltages that can appear due to the difference in potential
between both electrode sensing leads. Furthermore,
back-to-back diodes are also attached to the leads in order to
reduce the effects from input bias current.

In order to further increase sensor robustness, shielding
was implemented as shown in Figure 2 by making using of
inner layers of the sensor printed circuit board, in which the
electronic components as well as most of the circuit pattern is
located in the component layer and the sensing leads in the
solder layer. The assembled electrode is shown in Figure 3.

The developed electrode data recording and evaluation
system is shown in Figure 2, and it includes three stages. In the
first stage, a second instrumentation amplifier receives analog

Component Layer m_ Electronic Components

} Built-In Active Shields

inner Layers

Bioelectricity Sensing Pattern
Solder Layer
Noise Sensing Pattern

signal

Conditioner AD Converter

Electrodes

Vitrode Type D

Comemon Ground P

Figure 2. Measurement system diagram
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signals from two electrodes and outputs the amplified
difference between them. The second stage is responsible for
conditioning the signal for the AD converter. The final stage
involved a 16-bit AD converter connected via an SPI channel
to a microcontroller. Signal sampling was performed at 1 kHz.
Data was transferred from the controller to a laptop computer
via a Bluetooth connection. This system is compatible with the
hybrid  electrodes and the commercially available
Vitrode(Nihonkohden,  Japan) wet electrodes  for
simultaneous comparative recordings. The common ground
was connected to a clean exposed body area of the user via a
stainless steel plate. Each sensor was connected to the system
using a 1 meter long cable. Noise frequency spectrum
measurement experiments were performed for both resistive
and capacitive modes using this system by placing two
electrodes face to face on differential input.

C. Upper Limb Myoelectrical Measurement

Lifting objects and moving the arms are important actions
when using wearable robotic devices [1-2]. In this study we
evaluate the performance of our enhanced hybrid electrodes
through a two-part experiment. First part is defined by
measuring myoelectrical signals when lifting up and letting
down various weights and second part is defined by
performing robot arm control using myoelectrical signals.

For the first part of the experiment, myoelectrical signal
measurements are performed under various loads. The
participant leaves his arm at rest for 5 seconds, slowly starts
lifting the load for 5 seconds and then slowly let the load down
for another 5 seconds until the arm returns to rest position for
the final 5 seconds. Loads of 2.5 kg, 5.0 kg, 7.5 kg and 10 kg
were used in this part of the experiment. Simultaneous
measurements on both resistive and capacitive mode as well
as using standard Vitrode wet electrodes were performed. For
both experiments the hybrid electrodes were attached to the
biceps of the participant as shown in Figure 4. Methods for
attaching the Vitrode wet electrodes and the developed hybrid
electrode in both resistive and capacitive modes are shown in
Figure 5. The ground electrode was attached to the abdomen
of the participant. Electrodes in capacitive mode were
separated from the skin through a lmm cotton shirt.
Correlation coefficients between data collected from wet
electrodes and hybrid electrodes in resistive and capacitive
modes are calculated using Pearson's calculation method.

The second part of the experiment verifies the operation of
the hybrid electrodes near electrical appliances by performing
simple robot arm control experiment. While leaving the arm at
rest, the robotic arm(Jaco by Kinova, Canada) also stayed at a
resting position. By lifting the arm in to a 45-degree position,
the myoelectrical signals from the biceps switch on the robotic
arm, also rotating it 45-degree. Each movement was repeated
two times for 10 seconds. The participant's arm was in contact
with the robotic arm through the entire experiment. Electrodes
were placed in capacitive mode over the arm similarly to the
previous weight lifting experiment. Only capacitive mode was
measured as it was the weakest to noise and the high
correlation coefficient with wet electrodes was confirmed
using the results from the first part of the experiment.

Figure 3. Developed electrodes - Circuit board, sensing lead and case

Biceps Myoelectricity
Measurement Pair

Common Ground

Quadriceps Myoelectricity
Measurement Pair

Figure 4. Myoelectrical signal measurement areas used in this study

Figure 5. Electrode placement methods: standard vitrode, hybrid
electrode resistive mode, hybrid electrode capacitive mode

D. Lower Limb Myoelectrical Measurement

Measurement of myoelectrical signals while walking is a
fundamental procedure in lower limb to evaluate walking
ability accurately in rehabilitation treatments [3]. In this study
we evaluate the performance of our enhanced hybrid
electrodes during walking by measuring myoelectrical signals
from the quadriceps when the participant walks on a treadmill.
The participant walks at a constant speed of 1.2 m/s on a
treadmill for a period of 20 seconds. The hybrid electrodes
were attached to the quadriceps of the participant as shown in
Figure 4. The ground electrode was attached to the abdomen
of the participant. Simultaneous measurements on both
resistive and capacitive mode were performed. Electrodes in
capacitive mode were separated from the skin through a 2.2
mm jeans pants. The correlation coefficient between data sets
acquired from both resistive and capacitive modes was
calculated.

TI. RESULTS

A. Noise Evaluation Results

The noise spectrum in the 1-500 Hz band is shown in
Figure 6. The results show that the maximum noise is of 11
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uV/Hz'?, which happens in capacitive modes at lower
frequencies. As myoelectrical signals are in the order of
100-1000 pV and commonly used signals oscillate in the
30-500 Hz band [17], the results show that our enhanced
hybrid electrodes are reliable enough for myoelectrical
measurements.

B. Upper Lim Myoelectrical Measurement

The recorded experiment data for the bioelectrical signal
measurement under variable load part of the experiment is
shown in Figure 7. From the results the correlation coefficient
between resistive mode and conventional wet electrode mode
was of 0.98. The correlation coefficient between capacitive
mode and wet electrode was of 0.92. It is important to notice
that even though there was constant movement during the
period 5-15 s, no motion artifacts were observed in any of the
trials with any load. The relatively high myoelectrical signal
output observed during the seconds 5 to 7 in all the data sets is
the due to the extra power required to surpass the inertia of
lifting the load from complete rest.
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The high correlation coefficient between the hybrid
electrode in capacitive mode and wet electrodes suggested
that we could use the hybrid electrode for the robot control.
Therefore the second part of the experiment was performed
using only the hybrid electrode in capacitive mode. The
recorded experiment data for the robot arm control
experiment is shown in Figure 8. The arm weight was enough
to stimulate the biceps and create a signal strong enough to be
used as in a simple trigger algorithm. Moreover, the presence
of an electrical motor near the electrodes did not interfere with
its functionality and no noise was observed.

C. Lower Limb Myoelectrical Measurement

The recorded experiment data for the treadmill walking
experiment is shown in Figure 9. The results showed constant
myoelectrical activity in the quadriceps suggesting continuous
load. In particular, during the walking process, the load is the
biggest when there is contact of the leg with the floor. From
the results we also can observe that the myoelectrical data
collected by the enhanced hybrid electrode in both resistive
and capacitive mode is mostly overlapping, with a calculated
correlation coefficient of 0.76. No visible motion artifacts
from leg movements nor electrostatic noise from the treadmill
were observed.

IV. DISCUSSION

One of the key aspects and the breakthrough point of this
paper is the implementation of the novel dual signal lead
system with a differential preamplifier unit built in the
electrode. Comparing to previous studies from other groups
[12-15] as well as our own [16], this breakthrough point is
better design choice than applying an analog or digital Low
Pass Filter during signal conditioning because it removes a
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Figure 7. Myoelectrical signals from biceps while lifting up(5s<t<10s) and letting down(10s<t<15s) different loads and at rest
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Myoelectrical Signal Measured Through Capacitive Mode For Robotic Arm Control
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Figure 9. Quadriceps myoelectrical signal measurement results when walking

significant amount of noise before the electrical signal enters
our system, avoiding problems caused by the limits on
operational amplifiers power supply as well as signal
distortion and delays from the filters.

The comparative experiments between our electrodes in
both resistive and capacitive mode and standard wet
electrodes have shown that our electrodes were capable of
measuring myoelectrical signals under conditions simulating
real world environments. Measurements performed under the

presence of movement and active electromechanical devices
nearby matched expected clear recordings that match known
phenomena. Our noise frequency analysis shows that our
hybrid electrodes have a noise level below 11 uV/Hz'?
performing at comparable levels to commercially available
electrodes as well as other studies [15]. Furthermore the
comparison experiment with commercial electrodes results
from Figure 7 and the high correlation coefficient validate the
effectiveness of our electrodes.
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The single board design which integrates the circuitry,
shielding and sensing leads in a single printed circuit board
allowed us to make a sensor with 4 mm thickness, which is less
than half systems developed in other studies [12-16]. With
further miniaturization of electronic components and the use
of flexible printed circuit boards, more user friendly sensors
can be developed for wearable computing and robotic
applications.

In this paper, we used a single conventional electrode
made of stainless steel in order to create a robust ground
between the user and the electronic system. In order to
maximize the usability of the system, we suggest that while
designing a wearable robotics or computing system, ground
connection should be guaranteed by developing a mechanism
in which the user is always in contact with a conductive
grounded area of the system.

Myoelectrical ~ signals are used extensively on
rehabilitation both as a diagnosis, evaluation tool and as a
method for interfacing with assistive devices. Rehabilitation
in particular is a medical treatment where user enthusiasm is
important, and one of the key factors in maintain enthusiasm is
keeping the treatment as accessible as possible, including
having an intuitive user interface. The hybrid electrodes
developed in this paper using the extended electrode and noise
model from Figure 2 are prototype sensors that are capable of
measuring bioelectrical signals, regardless of skin contact
conditions from both upper and lower limbs while performing
movements near electromechanical equipments. This
breakthrough is a step towards the prolonged monitoring of
bioelectrical signals in a clinical and home environments
necessary in rehabilitation treatments. Features such as being
able to register myoelectrical signals over clothing, quick
sensor placement and being able to using sensors for very long
periods of time without signal degradation from sweat and
conductive substrate degradation greatly contribute to the
increase of usability. Evaluation of the effects that the
increased usability have on the total treatment through clinical
trials is necessary. Furthermore evaluation of reliability and
wearability over long periods of time, such as an entire day or
week, is also critical for future medical use as well as for
sports and entertainment applications.

V. CONCLUSION

In this study, we developed a novel hybrid
resistive-capacitive electrode using an original sensor based
on an model using optimized input impedance for
bioelectrical signals while also measuring high frequency
noise and removing it from the sensor output. Noise analysis
and myoelectricity measurements on lower and upper limbs
showed that our electrode maintained a low noise
characteristic and bioelectrical sensing performance that was
comparable to commercially available wet electrodes.

In future studies, we intend to further increase the accuracy
of our electrode model and expand the design to specific
applications such as exoskeleton control and virtual reality in
the fields of rehabilitation, sports and entertainment. Our
sensors help increase the usability and reliability of

bioelectrical interfaces and promote the popularization of
medical and wearable devices in daily life.
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Abstract

Objective: To investigate the feasibility of rehabilitation training with a new wearable robot.

Design: Before-after clinical intervention.
Setting: University hospital and private rehabilitation facilities.

Participants: A convenience sample of patients (N=38) with limited mobility. The underlying diseases were stroke (n= 12), spinal cord injuries

(n=28), musculoskeletal diseases (n=4), and other diseases (n=14).

Interventions: The patients received 90-minute training with a wearable robot twice per week for 8 weeks (16 sessions).

Main Outcome Measures: Functional ambulation was assessed with the 10-m walk test (10OMWT) and the Timed Up & Go (TUG) test, and
balance ability was assessed with the Berg Balance Scale (BBS). Both assessments were performed at baseline and after rehabilitation.
Results: Thirty-two patients completed 16 sessions of training with the wearable robot. The results of the 10MWT included significant
improvements in gait speed, number of steps, and cadence. Although improvements were observed, as measured with the TUG test and BBS, the
results were not statistically significant. No serious adverse events were observed during the training.

Conclusions: Eight weeks of rehabilitative training with the wearable robot (16 sessions of 90min) could be performed safely and effectively,

even many years after the subjects received their diagnosis.
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Rehabilitation robotics emerged in the 1980s with the aim of using
robotic technology to assist people with movement dysfunction.'
Robotic devices have recently been developed for use in clinical
settings. Tefertiller et al’ reviewed 30 articles (14 randomized
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controlled trials, 16 nonrandomized controlled trials) that exam-
ined the effects of locomotor training with robotic assistance in
patients after stroke, spinal cord injury (SCI), multiple sclerosis,
traumatic brain injury, and Parkinson's disease. The review
supports the conclusion that locomotor training with robotic
assistance is beneficial for improving walking function in indi-
viduals after stroke and SCL® The development of main gait
training machines followed. These machines either involve an
exoskeleton robotic device (eg, Lokomat, LOPES exoskeleton
robot)** or a robotic device with foot-driven plates (eg, Gait
Trainer GT I, Haptic Walker).”® The exoskeleton robotic device is
equipped with programmable drives or passive elements that flex
the knees and hips during the swing phase, whereas with the other
type of robotic device, the feet are placed on footplates, whose
trajectories simulate the stance and swing phases. Other than
robotic gait training and conventional therapy, another treatment
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approach involves treadmill training with partial body weight
support.” However, this approach requires considerable involve-
ment of a physical therapist, and generally, 3 therapists are
required to induce movement of the paretic leg during the swing
phase and to shift the patient’s weight onto the stance limb.

The potentially positive common benefits of robotic gait
training are that it involves repeatedly undergoing sufficient and
accurate training for a prolonged period. Lokomat is the first
robotic-driven gait orthosis with electromechanical drives to assist
the walking movements of gait-impaired patients on a treadmill by
supporting the body weigth Husemann et al'” compared
a Lokomat group that received 30 minutes of robotic training with
a control group that received 30 minutes of conventional physio-
therapy. After 4 weeks of therapy, although there was no signifi-
cant difference in walking ability between the groups, the walking
ability in both groups as expressed by functional ambulation
classification was significantly improved. The researchers reported
that the Lokomat group demonstrated an advantage for robotic
training over conventional physiotherapy in the improvement of
gait abnormality and body tissue composition.'® However, in
a recent randomized controlled study'' that compared robot-
assisted locomotor training with therapist-assisted locomotor
training in chronic stroke patients, the results indicated that
greater improvements in speed and single limb stance time on the
impaired leg were observed in subjects who received therapist-
assisted locomotor training. Thus, the usefulness of robot-
assisted rehabilitation is controversial.

The robot suit hybrid assistive limb (HAL)'*'>* is a new
wearable robot that has a hybrid control system composed of
2 subsystems: cybernic voluntary control (CVC) and cybernic
autonomous control (CAC) (fig 1). The HAL suit has power units
and force-pressure sensors in the shoes. The power units consist of
angular sensors and actuators on bilateral hip and knee joints.
Muscle action potentials are detected through the electrodes on the
anterior and posterior surface of the wearer’s thigh. These various
biologic signals are processed by a computer. The HAL suit can
support the wearer’s motion by adjusting the level and timing of
the assistive torque provided to each joint according to the surface
muscle action potential as well as the pressure sensors, The HAL
suit can enhance the wearer’s motion through the wearer's muscle
action potential; thus, the HAL suit can appear as an actual
motion. Therefore, if the wearer’s muscle action potential varies,
the wearer’s motion varies, too. The HAL training, using muscle
activity, has the potential to intensify the feedback by inducing an
appropriate motion more strongly than standard robot training.
Thus, after HAL training, patients with limited mobility will
improve their walking abilities (gait speed, number of steps,
cadence, or ability to transfer).

Few studies have been conducted to clarify the feasibility of
rehabilitation with HAL. Only 1 preliminary study'® has reported
on the short-term effects of HAL on the walking pattern of stroke

List of abbreviations:

BBS Berg Balance Scale
CAC cybernic autonomous control
CVC cybernic voluntary control
HAL hybrid assistive limb
MADS losk 1 ion disability complex
SCI spinal cord injury
I0MWT 10-m walk test
TUG Timed Up & Go

patients. The purpose of the present study was to investigate the
feasibility of 16-session (8-wk) HAL rehabilitation training for
patients with limited mobility.

Methods
Study design

A guasiexperimental study was used, with measurements before
and after the clinical intervention. The target population included
patients with limitations in their walking {no matter the diagnosis,
the time since the diagnosis, and the patient’s age at diagnosis). The
protocol of this study was approved by the Institutional Review
Board of the University of Tsukuba Hospital and was registered
with the UMIN Clinical Trials Registry. The clinical intervention
was conducted at the University of Tsukuba Hospital and Cyber-
dyne, Inc, in Japan between January 2010 and March 2012, The
patients included in this study were volunteers recruited through
local newspaper advertisements or outpatients at the University of
Tsukuba Hospital. They were informed about the aim and design of
this study, and they subsequently provided written, informed
consent. Informed consent was also obtained from the patient’s
guardian if the patient was younger than 20 years.

The inclusion criteria were {1) musculoskeletal ambulation
disability symptom complex (MADS}) or the underlying disorders
of MADS, which is a condition newly defined in 2006 by Japanese
medical societies’”; (2) requiring physical or assistive
devices in at least 1 of the following daily activities: standing up,
sitting down, and walking; (3) ability to undersiand an explanation
of the study and to express consent or refusal; (4) body size that
can fit in the robotic suit HAL (height range, 145—180cm;
maximal body weight, 80kg); and (§) sbility o undergo usual
physical and occupational therapies. The exclusion criteria were
the following: (1) inadequately controlled cardiovascular disor-
ders; (2) inadequately controlled respiratory disorders; (3) intel-
lectual impairments that limit the ability to understand
instructions; (4) moderate to severe articular disorders, including
contracture in the lower extremities; (5) moderate to severe
involuntary movements, ataxia, or impairments of postural reflex
in the trunk or the lower extremities; and (6) severe spasticity in
the lower extremities.

Participants

Thirty-eight patients (25 men, 13 women) were enrolled in this
study (24 outpatients, 14 volunteers through advertisements). The
mean age & SD of the 38 patients was 53.2:17.8 years (range,
18—81y). Table 1 summarizes their clinical characteristics. Their
underlying diseases were stroke (10 men, 2 women), SCI (6 men,
2 women), musculoskeletal diseases (2 men, 2 women), and other
diseases (Parkinson’s disease, gonadotropin-dependent myopathy,
limb-girdle Jar dystrophy, incl body myositis, trau-
matic brain injury, disuse syndrome secondary to malignant
lymphoma, cerebral palsy, sequelae of poliomyelitis, and hypoxic-
ischemic encephalopathy: 7 men, 7 women). Twenty patients were
able to ambulate independently without any help (n=9) or with
several assistive devices (T-cane, bilateral cruiches, or lateral
crutch) (n=11). Eleven patients were able to ambulate with
several assistive devices and under supervision. Three patients
required human assistance to ambulate at least 10m (cases 33, 34,
38), and the remaining 4 patients were unable to ambulate even
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Fig 1 The robot suit HAL.

with assistive devices and human assistance (cases 8, 15, 17, 27).
All the patients with stroke and SCI were in chronic stages.

Training program

HAL training was- administered twice per week for 8 weeks
(16 sessions). The 90-minute training sessions consisted of
single-leg motion, a standing and sitting exercise, and walking on
the ground with HAL. For safety reasons, a walking device (All-
in-One Walking Trainer®) with a harness was used. Treadmill
training with mild body-weight support (Unweighing System®)
was also used for some patients. The HAL suit has a hybrid
control system comprising the CVC and CAC. The CVC mode of
the HAL suit can support the patient’s voluntary motion according
to the voluntary muscle activity and the assistive torque provided
to each joint. The CAC mode provides physical support autono-
mously, based on output from force-pressure sensors in the shoes.
This study mainly used the CVC mode, which allows the operator
to adjust the degree of physical support to the patient’s comfort
and gradually reduce support as training progresses.

Outcome measures

The feasibility of rehabilitation with HAL was assessed by the
number of completers and the amount of time or the number of
herapists needed to impl training. Patients were asked to
report adverse events during the training period.

The primary outcomes were functional ambulation and balance
ability. Functional ambulation was assessed with a 10-m walk test
(1OMWT) and a Timed Up & Go (TUG) test. In the 10MWT,
patients were instructed to walk without wearing HAL on a flat
surface at their self-selected, comfortable pace. Patients began to
walk before they reached the starting line of the 10-m distance so
that they could accelerate and attain a stable speed before the test.
To calculate gait speed (m/s) as a primary outcome, the 10-m
walking time was measured using a handheld stopwatch. In
addition, the number of steps between the start and finish line was
counted, and patient cadence was calculated from the walking
time and number of steps. Patients were allowed to use their
assistive device or lower limb orthosis, or both, as necessary. Each
patient used the same assistive device or orthosis, or both, during

www.archives-pmr.org

the pre- and postintervention measurements. Therapists closely
attended the patients during the 10MWT but did not provide
physical assistance. For each measurement, the 10MWT was
performed twice. The faster time of 2 trials was selected for
analysis. In the TUG test, the following actions were timed:
standing up from a standard-height chair, walking 3m, returning to
the chair, and sitting down without HAL. Two trials (each turning
clockwise and counterclockwise) were carried out for each
measurement. Balance ability was assessed with the Berg Balance
Scale (BBS), consisting of 14 tasks, as detailed by Berg et al.'s
Each task was scored on a scale ranging from O to 4 points
(0 indicates inability to complete), and the total score was used as
the index of balance ability. All primary outcomes were assessed
at baseline and after completion of the 16 training sessions.

Statistical analysis

All parametric data are expressed as means with SDs. Paired ¢
tests were used to evaluate differences between the baseline
measurements and outcomes after the 16 sessions. Unpaired ¢ tests
were used to evaluate the differences in characteristics of those
who completed 16 sessions and those who did not. An effect-size
calculation (Cohen d) was used to assess the effect of the training.
Pearson correlation coefficients were used to assess the relation-
ship among outcome measures. Data were analyzed using IBM
SPSS Statistics 18 software,! with the alphas level set at 5%.

Results

A typical 90-minute HAL training session proceeded as follows:
assessment of blood pressure, resting heart rate, and walking
pattern (10min); preparation of electrodes and putting on the HAL
suit (5Smin); computer setup (Smin); HAL training (60min,
including resting time during computer operation); taking off
the HAL suit and the electrodes (Smin); and reassessment of
walking pattern (Smin). The net walking time was approximately
20 minutes. Typically, 2 therapists implemented the training: one
supported the patient and the other operated the computer. All
therapists and related staff had participated in a 3-hour training
workshop conducted by the manufacturer to learn how to operate
the HAL system.

Of the 38 patients (25 men, 13 women), 32 (21 men, 11 women)
completed all 16 training sessions. The mean age = SD of the
32 patients was 53.2::17.3 years (range, 18—81y). There was
no statistically significant difference in age between those who
completed training and those who did not (54.019.8y). It took
10.043.1 weeks (range, 8—21wk) to complete 16 sessions. Of
the 6 patients who did not complete the 16 sessions, 2 (cases
15, 21) dropped out for medical reasons, and 4 (cases 1, 2, 29,
35) dropped out for personal reasons (difficulty visiting the
hospital). One medical reason for dropout was low back pain
that developed during the first training session (case 21); the
patient withdrew consent at the third session. The other medical
reason for dropout was a relapse (after the second session) of
neuropathic pain caused by SCI (case 15); the patient withdrew
consent at the fifth session. There were no serious training-
related adverse events. One stroke patient (case 7) had knee
pain (patellar tendinitis) at home after the 15th session but was
able to complete the 16th session after 1 month of rest. Another
patient with inclusion body myositis (case 31) developed knee

S. Kubota et al
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pain at home after an early session but was able to complete
16 sessions.

Outcome measures

Functional ambulation was not assessed for 5 patients at baseline
because 3 were unable to ambulate with any assistance (cases 8,
17, 27), and the other 2 patients needed considerable human
assistance to ambulate (cases 34, 38). The other 27 patients had
significant improvements (P<.05) in gait speed, number of steps,
and cadence after the 16-session HAL training (10MWT, table 2).
Improvements in gait speed, number of steps, and cadence are
defined as an increase, a decrease, and an increase in the
respective parameters. The mean =+ SD improvements and effect
sizes (Cohen d) in gait speed, number of steps, and cadence
were .09+.11m/s (d=.82), 3.0::4.9 steps (d=.61), and 6.8+7.1
steps/min (d=.96), respectively. Improvements in gait speed,
steps, and cadence were observed in 25, 18, and 25 patients,
respectively (figs 2—4). Worsened gait speed and cadence were
observed in 2 patients (cases 28, 30). In regards to the number of
steps, we observed no change in 8 patients (cases 3, 5, 16, 25, 28,
30, 33, 37) and increased steps in 1 (case 20). Correlation coef-
ficients for gait speed with number of steps and with cadence were
r=.30 (not significant) and r=.73 (P<.01), respectively. The
effect sizes for gait speed in patients with stroke (n=9), SCI
(n="6), musculoskeletal disease (n=3), and patients with other
diseases (n=9) were 1.41, .78, 2.43, and .63, respectively. The
results of the TUG test (n=26; case 10 was unable to perform the

18 - Stroke
—— SCI
18 -
—— -~~~ OA knee

- Others

08

speed (m/s)

04

02

Gait speed

Fig 2 Change in 10MWT gait speed for 27 patients after HAL
training. Abbreviation: OA, osteoarthritis.

test) and the BBS (n=32) indicated improvement after the 16
training sessions, but these improvements were not statistically
significant. The mean £ SD decrease (Cohen d) in the TUG test
was 6.4116.4 seconds (d=.39). Twenty-one of 26 patients were
faster after training, and 5 patients were slower (cases 5, 13, 30,
31, 36) (fig 5). The mean = SD increase (Cohen d) in BBS was
1.945.5 (d=.35). Nineteen of 32 patients had higher scores
compared with baseline; no change was observed in 6 (cases 12,
17, 23, 27, 36, 37), and 7 had lower scores (cases 11, 16, 26, 30,
31, 32, 34) (fig 6).

Discussion

We investigated the feasibility of rehabilitation using a robot suit
HAL. We demonstrated that HAL rehabilitation counld be imple-
mented safely and effectively. Although a few patients developed
lumbar or knee pain during the training, no serious training-related
adverse events occurred. Significant improvements in gait speed,
number of steps, and cadence were observed, as assessed by the
10MWT. Improved TUG test and BBS results were also observed,
but because of the small sample size of this pilot study, these
improvements were not statistically significant. Overall, our
results suggest that HAL rehabilitation has the potential to
improve ambulation in patients with limited mobility.

Two patients (cases 15, 21) dropped out for medical reasons.
One developed lumbar pain (case 21), and 1 had a relapse of
neuropathic pain caused by SCI (case 15). Although it is unclear
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Fig3  Change in number of steps during T0MWT for 27 patients after
HAL training. Abbreviation: OA, osteoarthritis.
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Fig4  Change in 10MWT cadence for 27 patients after HAL training.
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whether there was a causal relationship between HAL training and
the pain that developed, the lumbar pain in case 21 had been
persistent before the HAL training and even after the training
ended, and the‘neuropat.hic pain in case 15 followed a previous
pattern of symptom flares associated with seasonal change.
Therefore, it is likely that HAL training did not directly cause the
pain that developed in these 2 cases. Two other patients complained
of knee pain during the training period, but this pain was not severe,
and the patients were able to complete the training. Although, once
again, direct causality is unclear, safe impiementation of HAL
rehabilitation requires adequate caution on the part of therapists and
self-awareness on the part of patients who have lumbar and knee
pain. Regarding feasibility, approximately 10 minutes was required
for 2 to 3 therapists to put electrodes and the HAL suit on or take

Fig 6 Change in BBS score for 32 patients after HAL training.
Abbreviation: OA, osteoarthritis.

that of gait speed with steps (r=.73 vs r=.30). Therefore, the
improvement in gait speed with HAL training was mainly brought
about by improvement in cadence. That is, HAL training improved
stride frequency more than stride length. This finding is in agreement
with that of a previous robotic training study.'® The effect sizes for
the TUG test and BBS were smaller than the effect sizes for the
10MWT. This result seems to occur because the TUG test and BBS
involve complicated motions such as moving from sitting to
standing, walking and returning, reaching forward, and alternating
feet on each step. The effect sizes for gait speed in 9 patients with
stroke and in 6 patients with SCI were large (1.41 and .78, respec-
tively). Therefore, training effectiveness in patients with stroke and
those with SCI can be expected. The effect size in 3 patients with

them off the patient. This procedure is a slight incol i to
address but not a major obstacle to HAL rehabilitation.
Significant improvements in functional ambulation were
observed, and the effect sizes (Cohen d) for gait speed, number
of steps, and cadence were .82, .61, and .96, respectively. The
correlation coefficient for gait speed with cadence was higher than
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Fig5 Change in TUG test results for 26 patients after HAL training.
Abbreviation: OA, osteoarthritis.
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musculoskeletal di was also large (2.43), but the number of
patients was small. Therefore, further studies are needed. In this
study, we recruited patients with a wide range of stroke and SCI
severities. Future studies should examine the influence of the
severity of stroke and SCI on the effectiveness of HAL rehabilitation.
Many recent studies have reported the efficacy of robot-
assisted rehabilitation. It is very difficult to directly compare
these studies and our study, b of diffe in disease!
severity and duration of the disorder, robotic features, methods of
intervention, and outcome measures.”’ Wirz et al*! reported that
after locomotor training with Lokomat, the 10MWT gait speed of
20 patients with chronic incomplete SCI increased by .11:.10m/s
(d=1.10). The number of patients with SCI in our study was
limited to 6, but our results also indicate the efficacy of HAL
rehabilitation for these patients (d=.78). Hornby et al'' reported
that after robotic-assisted locomotor training, the gait speed in
chronic stroke patients increased by .074.07m/s (d=1.0). Our
results also indicate the efficacy of HAL rehabilitation for
9 patients with chronic stroke (d=1.41). We conjectured that the
mechanism of this recovery of functional ambulation was due to
changes in plasticity in the spinal cord and supraspinal centers.
Appropriate sensory inputs, such as maximum weight loading,
facilitating proper trunk posture, and hip extension, are essential
for maximizing functional recovery.*> Our experience with HAL
indicates that the HAL-induced motion might evoke the sensory
input, which has a favorable feedback effect on the central nervous
system for a recovery of locomotor function. In addition, even if
a patient’s condition were too severe for medical therapists to
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provide adequate rehabilitation training, HAL might still make
adequate training possible. HAL is a robotic device with potential
rehabilitation applications that are dependent on the physical
support it can provide.

Study limitations

This study was not a randomized controlied trial and could not
compare the efficacy of HAL training with conventional rehabilita-
tion. Second, long-term efficacy was not assessed after HAL
training. Third, this study could not exclude observer bias and subject
bias because the same staff implemented assessment and training,
and approximately half of the patients were recruited through local
newspaper advertisements. Finally, the statistical power was low
because of the small number of patients with each disease.

Conclusions

This quasiexperimental study revealed the feasibility of HAL
training for rehabilitating patients with limited mobility. This
study has shown that it is possible to manage 8 weeks of reha-
bilitation with HAL training (16 sessions of 90min) safely and
effectively, even with persons who received their diagnosis many
years ago. After HAL training, significant improvements in gait
speed, number of steps, and cadence were observed. Although
improvements were observed in the TUG test and BBS, they were
not statistically significant. There were no serious adverse events.
Further studies are needed to compare the effectiveness of HAL
training and conventional rehabilitation.
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Abstract

Acute phase rehabilitation is an important treatment for improving the functional outcome of patients
after stroke. The present cohort study analyzed the feasibility and safety of acute phase rehabilitation
using the hybrid assistive limb robot suit in 22 patients, 7 males and 15 females (mean age 66.6 + 17.7
years). Neurological deterioration, mortality, or other accidents were recorded as adverse events. Base-
line characteristics of each patient were recorded at the first hybrid assistive limb rehabilitation.
Hybrid assistive limb rehabilitation was conducted for 12.1 % 7.0 days with the patients in stable con-
dition. Acute phase hybrid assistive limb rehabilitation was performed a total of 84 times with no
adverse events recorded except for orthostatic hypotension. Good functional outcomes were obtained in
14 patients. Orthostatic hypotension was observed during the first hybrid assistive limb rehabilitation
in four patients, and was significantly associated with intracerebral hemorrhage (p = 0.007) and lower
Brunnstrom stage (p = 0.033). Acute phase rehabilitation using the hybrid assistive limb suit is feasible
and safe. Patients with intracerebral hemorrhage and lower Brunnstrom stage should be carefully

monitored for orthostatic hypotension.

Key words: acute phase rehabilitation,
orthostatic hypotension

Introduction

Acute phase rehabilitation is an important part of
the treatment for improving the functional outcome
of patients after stroke in the acute hospital sett-
ing.356:8.8.13-1517) The hybrid assistive limb (HAL) suit
is one of a number of advanced technologies that
have been developed for the assistance of stroke
patients.8) This robotic device was originally
designed to support elderly patients with muscle
weakness, and to assist with independent mobility
in people with impaired motor function. However,
whether the HAL suit can be used for the rehabilita-
tion of patients with acute stroke without adverse
complications remains unclear. The present study
investigated the feasibility and safety of the HAL
suit in the rehabilitation of patients in the acute
phase after stroke.
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Materials and Methods

This prospective cohort study was designed to evalu-
ate acute phase rehabilitation after stroke using the
HAL robot suit in the Department of Neurosurgery,
Fukuoka University Hospital from November 2011
to March 2012. A total of 22 patients, 7 males and 15
females (mean age 66.6 + 17.7 years) were enrolled.
The oldest participant was aged 90 years. The
Fukuoka University Institutional Review Board ap-
proved the study and informed consent was ob-
tained from all participants or their representatives.
The protocol included subjects satisfying the follow-
ing criteria: hemiplegia or ataxia after stroke, height
>120 cm, weight <100kg, Glasgow Coma Scale
(GCS) score > 9, systolic blood pressure between 100
and 160 mmHg, oxygen saturation without sup-
plementation >90%, heart rate between 40 and 120
beats per minute, and body temperature < 37.5°C.
The limitations of height and weight were deter-
mined by the size restrictions of the HAL suit, as
recommended by the manufacturer (CYBERDYNE
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Inc., Tsukuba, Ibaraki). GCS score <9 was used to
exclude coma status. Nine patients with subara-
chnoid hemorrhage, seven with intracerebral
hemorrhage, and six with cerebral infarction were
enrolled. Vital signs were carefully monitored dur-
ing the rehabilitation. Anthropometry data, vital
signs, time scheduled for HAL rehabilitation, time
after eating, antihypertensive and diuretic medica-
tion, presence of diabetes mellitus, GCS, National
Institute of Health Stroke Scale (NIHSS),
Brunnstrom stage (Br), modified Rankin scale
(mRS), mini-mental state examination (MMSE),
presence of sensory disturbance, presence of neu-
rocognitive impairment, disease entity (in-
tracerebral hemorrhage, cerebral infarction, and
subarachnoid hemorrhage), and adverse events in-
cluding mortality, neurological deterioration, or-
thostatic hypotension (OH), fall, bone fracture, or
skin erosion were recorded. OH was defined as a
decrease in systolic blood pressure of over 20 mmHg
immediately after sitting or standing.

Normally distributed data are expressed as mean
+ gstandard deviation. Age, systolic and diastolic
blood pressure before HAL rehabilitation, time
scheduled for HAL rehabilitation, time after eating,
GCS, NIHSS, Br, mRS, and MMSE were treated as
continuous variables. Sex, antihypertensive and di-
uretic medication, presence of diabetes mellitus,
presence of sensory disturbance, presence of neu-
rocognitive impairment, and clinical entity were
treated as categorical variables. Fisher’s exact test, t-
test, and U-test were used to compare each variable
and OH in the participants. Statistical differences of
p < 0.05 were considered significant. Data analyses
were performed using the SPSS 14.0.] program
(SPSS Inc., Chicago, Illinois, USA).

Results

Acute phase rehabilitation using the HAL suit was
performed a total of 84 times (mean 3.8 *+ 3.1 times).
HAL rehabilitation was conducted over 12.1 + 7.0
days when the vital signs of the patients were stable
(Fig. 1).

Following HAL rehabilitation, two patients had
improved walking and torso posture, 12 patients
could stand with HAL assistance, and two patients
showed no change. Six patients withdrew from the
study due to depression status, inappropriate size of
shoes, and lumbar spondylosis, which prevented
correct fitting of the backpack and mounting of the
gyroscope and accelerometer required for torso
posture estimation (Table 1).

No episode of mortality, neurological deteriora-
tion, falling, bone fracture, or skin erosion occurred

biceps

EMG vastus biceps vastus
femoris lateralis femoris lateralis
. T T

Fig. 1 Photographs during hybrid assistive limb (HAL)
rehabilitation showing the patient in Brunnstrom stage
II getting up (left) and standing upright (right) with HAL
assistance. Electromyogram (EMG) was detected on the
paralytic side while upright. L: left side, R: right side.

Table 1 Outcomes of hybrid assistive limb (HAL) train-
ing in stroke patients

Outcome No. of cases
Improvement of walking and torso pbsmre 2
Standing with HAL assist 12
No change in activity 2
Refusal of second HAL rehabilitation 6

throughout the acute phase rehabilitation using the
HAL suit. However, four patients demonstrated OH
as an adverse event, which prevented one patient
receiving second HAL rehabilitation. Intracerebral
hemorrhage and lower Br were significantly associ-
ated with OH, as demonstrated by Fisher’s exact test
and U-test (p = 0.007 and p = 0.033, respectively;
Table 2). No other variables were associated with
OH (Table 2). Lower Br was not associated with any
of the clinical characteristics (Kruskal Wallis test, p
= (0.268).
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Table 2 Factors correlated with orthostatic hypoten-
sion

Orthostatic hypotensicn

Factors p Value
No Yes
No. of patients 18 4
Age (yrs) 66.0 (19.0) 69 (12.2) 0.772

Sex, men/women 6/12 1/3 1.000
Body mass index 21.2 (4.8) 21.0(4.0) 0.953
Pre-HAL systolic BP (mmHg) 130.9 (20.8) 129.5 (18.5) 0.900
Pre-HAL diastolic BP (mmHg) 73.4 (13.2) 86.3 (12.8) 0.092

Time scheduled for HAL (hrs)  2:00 pM 1:00 M 0.218
Time after eating (hrs) 3.5 (1.3) 3.0(0.4) 0.220
Antihypertensive medication 13 9 0.264*
Diuretic medication 21 1 1.000%
Diabetes mellitus 19 3 0.470*
GCS score 14.1(1.6) 125(1.9) 0.102
NIHSS score 6.9 (7.9) 14.8(13.9) 0.094
Brunnstrom stage 4.1 (1.6) 2.0(2.0) 0,033
MMSE point 17.8 (11.2) 115(13.9) 0.338
Modified Rankin scale score 4.0 (2-5) 4.8 (0.5) 0.082"
Prssence of smsory 59
Presence of neurocognitive +
impairment 8 1 3 1.000
First HAL rehabilitation day ~ 12.7 (7.6) 9.5(2.4) 0426
Tl;;ﬁo‘;fm%g‘]‘ rebabilitation 5554 53(57) 0585
Disease entity 0.007*
subarachnoid hemorrhage 9 0
intracerebral hemorrhage 3 4
cerebral infarction 6 0

Values in normal distribution are shown as the mean (stan-
dard deviation), and values in non-normal distribution are
shown as the median (minimum-maximum). All variables
were recorded on the first day of HAL rehabilitation. p
Values are calculated by t-test, *Fischer’s exact test, or
tU-test. BP: blood pressure, GCS: Glasgow Coma Scale,
HAL: hybrid assistive limb, MMSE: mini-mental state ex-
amination, NIHSS: National Institute of Health Stroke
Scale.

Discussion

The present study demonstrated that HAL rehabili-
tation is feasible and safe after stroke in the acute
phase. To prevent falls, neurological deterioration,
or any other morbidity, the presence of OH should
be monitored in patients with intracerebral hemor-
rhage and lower Br. An elastic stocking on the para-
Iytic side or delaying rehabilitation for a few days
enabled us to continue HAL rehabilitation in three
of four patients with OH. OH has been attributed to
the time after eating, antihypertensive and diuretic
medications, and the presence of diabetes mellitus,
implying the involvement of autonomic dysfunc-
tion.® However, we found no significant differ-
ences in these variables between the patients with
and without OH, as only intracerebral hemorrhage
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and lower Br were significantly associated with OH.
Lower Br was not associated with any clinical
characteristic, suggesting that intracerebral hemor-
rhage and lower Br were not confounding factors.
The variable of intracerebral hemorrhage may be an
independent risk factor for OH. The severe degree of
autonomic dysfunction in patients with intracere-
bral hemorrhage is a likely mechanism of OH in the
present acute setting. Further studies with more
cases are required to avoid type II error.

The HAL suit consists of a ‘cybernics voluntary
control system,” which provides complete control
using bioelectric signals, and a ‘cybernics robotic
autonomous control system,” which generates the
characteristic motor patterns of human motion.1%%%
The HAL system functions by utilizing several sens-
ing modalities: skin-surface electromyographic elec-
trodes placed on the rectus femoris, vastus lateralis,
gluteus maximus, and biceps femoris muscles,
potentiometers, and a gyroscope and accelerometer
mounted in a backpack for torso posture estimation.
The objective of the HAL suit is to increase and as-
sist the voluntary motor functions of stroke patients.
We found that some patients exhibited electric sig-
nals on the paralytic side, which might have been
facilitated by the HAL suit (Fig. 1). Standing with as-
sistance of the HAL suit in the acute phase may not
only facilitate the recovery of the paralytic side, but
also prevent the non-paralytic side from disuse, al-
lowing patients to have a better quality of life. In-
deed, a prospective study reported that earlier and
more intensive mobilization after stroke may
facilitate more rapid return to unassisted walking
and improve functional recovery.®?’ We expect that
HAL acute phase rehabilitation will also result in
earlier and better recovery. Standing and walking
are also reported to induce plasticity in the spinal
cord network and central pattern generator.”

Age,? depression, and cognitive impairment'V
are potential negative factors hindering good func-
tional outcomes. In this feasibility study, depression
was the main reason for the refusal of HAL rehabili-
tation. Furthermore, particular attention should be
paid to the presence of OH which can induce falls?®
and result in serious consequences.? The efficacy
and indications of acute phase rehabilitation using
HAL are being examined in a follow-up cohort
study.
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Abstract: In order not only to realize the functions of wearable robots, but also to improve the the design of mechanism
and controller, and to establish a safety standard of these types of robots, a method to measure the physical interaction at
the contact sites of robot and wearer is required. To evaluate the physical interaction, we propose a measurement method
based on strain gauge. A basic experiment was conducted to evaluate the proposed method. The proposed method is also
applied to Robot Suit HAL for Well-being to evaluate its interaction with a wearer during several kinds of single joint
motion task. Experimental results show the plausibility of this approach for the measurement of the interaction force.

Keywords: exoskeleton, human-machine interaction, motion assist, force measurement

1. INTRODUCTION

Wearable robots, which support, enhance and extend
human physical capabilities, are expected to be used for
various kinds of purposes, by incorporating adaptability
of computer programming and physical strength of me-
chanical structures[1]. In the field of medical care and
welfare, wearable robots are expected to support physi-
cally challenged persons so that they can, for example,
eat[2] and locomote[3] independently. In rehabilitation
of the impaired motions, they are expected to assist mo-
tions of the affected limbs, as well as helping physical
therapists from repeating many times the burdensome ex-
ercises for functional recovery{4]. Nowadays, interactive
bio-feedback loop of motion intention and excution and
resultant sensation realized by a wearable robot is thought
1o be able to play an important role in the neural recovery
of the impaired motions[5]. Care givers may also have
benefit wearing these robots in carrying and moving the
patients[6].

Wearable robots assist motions by applying forces di-
rectly on the wearers body[1]. When they push or pull
each other, interaction force between them are caused at
the contact sites. Measuring interaction force provides
a criteria to evaluate the effectiveness of assist given by
the robot to the wearer, and to evaluate usability, com-
fort, and safety from the wearer’s viewpoint. This gives
critical information to improve the design of mechanism
and controller[7]. It may also lead to establishment of a
safety standard for these types of robots, which is needed
since wearable robots are abundantly developed and even
already used in some clinical situations.

Cuff accompanied with stretching belt is one of the
major methods of mounting robot to human body, since
it is adaptive to the shape of human leg and lessens peak
pressure by widening contact areas. Cuff is used for ex-
ample in HAL[8], LOPES[9], Locomat[4], etc.

In human biomechanics, each body segment is consid-
ered as a rigid body, and motion of it is determined by
the total force acting on it according to the Newton’s law.
Likewise in evaluation of the effectiveness of assist and
support provided by the robot, total force on each body

401

segment gives the most direct value related to the result-
ing motion. Therefore, we are interested in the amount
and direction of total force at each cuff, instead of pres-
sure at each point in the contact area. De Rossi et al.
[10] has proposed tactile sensors (Skilsens) to measure
the interaction force at the cuff of LOPES, however it can
measure only component of the foces perpendicular to the
sensor surface. There are some proposed methods using
load cells[11][8], they measure load on robot structure
rather than interaction force at the contact site.

In this paper, we propose a method to measure inter-
action force between robot and human body using strain
gauses installed on the metal frame of cuff. To restrict
the number, location, and direction of the forces applied
on the metal frame, we propose to introduce load bear-
ings of the same number of the strain gause pairs into the
gap between the metal frame and the contacting surface.
In section II, our target robot HAL is briefly depicted.
In section II, installation of strain gauges and bearings,
model of strain-foce relationship, and its calibration is de-
scribed. In section IV, a basic experiment to evaluate the
plausibility of the obtained forces is shown. In section V,
the paper is concluded.

2. HAL (HYBRID ASSISTIVE LIMBS)

Robot suit HAL for well-being (Fig.1) is developed
for the purpose of assisting motions of neurologically im-
paired persons[5}{12]. It is composed of power units to
actuate the hip and knee joints on both sides, exoskele-
ton frame to transfer actuation and to support the wearer’s
posture, and several sensors including joint angle sensors,
floor reaction force sensors, and current sensor for each
motor.

HAL has two modes of assistive control; CAC (Cyber-
nic Autonomous Control) and CVC (Cybernic Voluntary
Control). According to situation of the patient, one or
combination of them is applied. In CVC mode, HAL pro-
vides assist according to the bio-electric signal detected
on the surface of the skin, which represents the wearer’s
intention to activate muscle. This method is useful for
augmenting or supporting healthy and lightly impaired

PR0001/13/0000-0401 ¥400 © 2013
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Top view

Plastic

Fig. 1 HAL for well-being and its cuff: the cuff is struc-
tured with a metal frame and a plastic plate, and at-
tached to the robot frame. A belt is used to wrap
around them and human leg.

person’s motion. CAC mode is for spinal cord injury pa-
tients and stroke patients whose motor center of nervous
system is damaged and bio-electric signal cannot be de-
tected. In this mode, HAL utilizes floor reaction force
and accelerometers to estimate the intention of motion,
and presents pre-planned trajectory.

Cuff of HAL is used to contact thigh and shank of the
wearer to the robot frame for the left and right legs. Its
structure, as shown in Fig.1, has a plastic frame that in-
terfaces with human leg through a thin sponge on it and
a metal frame which keeps the curved shape while bear-
ing the interaction force. They are attached to the robot
frame which transmits motor actuation. The metal frame
is binded between the plastic frame and the robot frame.
A stretching belt is used to wrap around human leg and
the cuff. Strain gauges are attached to measure the bend-
ing of the metal frame, as will be described in the next
section.

3. METHOD

3.1 Model of Cuff Strain - Force Relationship

On a thin cantilevered curved beam, when the thick-
ness is enough smaller than than the radius of the whole
shape, the relation among the bending component of
strain ¢, which can be obtained by the subtraction be-
tween the measured strain on one side(e,) and the other
side(ep)

€=¢€ — €, @)
the applied external force f, and the vector [ starting from
the position of strain gauges to the point where the force

is applied, is given by the following equation

Ce=IxTf. @
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C is a constant representing the local properties of shape
and material characteristics. Strain ¢ is given by the sub-
traction between the two strains measured on two oppo-
site sides at a location on the beam.

Supposing that we have n pairs of strain gauses and m
forces applied on the beam,

Cie; = Mfi=1---n) 3)
Moo= Y iGxf %)
jEqli)

where M; represents total bending moment working on
the ith strain gauge pair and ¢(i) represents the set of
forces that can apply bending moment at ¢ th strain
gauses. Quter product i,: X f; is equal to the scalar prod-
uct of di; and f;

M= 3" dfy S

Jegli)

where d;; is a perpendicular distance between the loca-
tion of strain gauges and the force vector crossing the ap-
plied point, and f; is the amplitude of the force.

By arranging the indexes in eq.(5) and considering
eq.(3), we can get the following matrix representation.

Ce=Df, (6)

where C is a diagonal matrix with C; in the diagonal
components, € is a vector composed of ¢;, D is a matrix
composed of d;; considering g{i), and f is a vecior com-
posed of f;. In practice, values of strain is aifected by
the weight of the beam and initial state of the gauses in
attachment, which should be counted as an offset b,

Ce~b=DFf @)

By designing the location of strain gauses so that D is
invertible, the interaction forces f can be obtained as,

F=D"YCe—b) &)

1~

strain gange

I2

Fig. 2 Placement of strain gauses and load bearings on a
cuff of robot suit HAL.
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Fig. 3 Setup in the calibration experiment.

In calibration process, values of strain are obtained cor-
responding to the known applied forces. Using these val-
ues, coefficients of eq.(8) can be computed by regres-
sion. Knowing the coefficients, the equation can be used
to estimate the applied forces according to the measured
strains.

However, on cuff of wearable robots, because of the
flexible interface with the human leg like plastic plates
and sponges, the forces are scattered all over the inter-
facing surface, and it is difficult to assume the number,
direction, and applied points of the forces. To deal with
this problem, we would install load bearings between the
metal frame and the plastic plate, in the next subsection.

3.2 Installing Strain Gauges onto Cuff

For the derivation in the previous subsection to hold,
the number, direction, and applied points of the forces on
the metal frame, on which the strain gauses are attached,
have to be known. For this reason we introduced four
load bearings between the metal frame and the plastic
plate of a cuff of HAL (Fig.2). In this way, the num-
ber of the forces acting on the metal frame are restricted
to be the same number as the bearings, the direction is
restricted to be perpendicular to the metal frame, and the
applied points are restricted to be same as the attachment
points of the bearings. By this way, we can apply eq.(8).

| — 20deg
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50 100 150 200 250 300

- Strain gauge
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Fig. 4 Linear relationship between the applied external
force and the strain. The external forces are applied
with varjous amplitude and direction.
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Fig. 5 Hysteresis test to compare the change of strain
with the increasing and decreasing external loads.

As we have discussed in the introduction, we are in-
terested in measurement of total force acting between the
human leg and the robot through cuff. Since we have in-
troduced four bearings, the total force F' is computed as

F=f+h+hi+h ©

By introducing the coordinate frame (z,y) shown in
Fig.2, f; can be written in z and y components.

Fi = [tias tiu]Tfi 10)

Considering eqgs.(9), (10), and (8), we have

F = Tf an
= TD 'Ce-TD™ b (12)
= Ae-Vb, (13)

where T is a matrix with ¢;; and ¢, in the components,
and A and b’ are simplified representation of the coef-
ficients. It shows that the total force F' and the bending
strains € have a simple relationship represented by a lin-
ear coefficient matrix with an offset vector. These coeffi-
cients will be calibrated in a basic experiment in the next
section.

Before calibration of the parameters, several basic
characteristics of the strain were tested. Fig.4 shows lin-
earity between the applied external force and the bending

[=]
8
N
1NN o0%
=3 A /
c 8 0%
5
o g | 50%
-~
7 10%
- T T T T T
0 1 2 3 4 5

Time [s]

Fig. 6 Step response of the strain.
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Fig. 7 Result of calibration: estimated forces can be com-
pared to the real forces. Top: pushing direction. Bot-
tom: pulling direction.

component of the measured strain value (eq.(1)). The an-
gles of the external force conform to the definition in the
next section.

Fig.5 shows the result of hysteresis test, in which
the external force was gradually increased and then de-
creased with the interval of 0.5[kg]. It shows that there is
no significant hysteresis in the strain value, which allows
simple mapping of the strain values to estimate force.

Fig.6 shows step response of the strain value to the
external force. 3{kg] load was initially applied and at one
moment it was reduced to 1[kg]. In the graph, the value
of strain is normalized to O initial value, and the amount
of change to positive. It shows that the response is fast
enough for our purpose of measuring human walking or
leg swinging.

3.3 Calibration of the Model

To calibrate the parameters A and b’ in eq.(13) the cuff
was attached to a soft cylinder which mimics human leg,
and external forces were applied by pulling the cylinder
into several directions at several amplitudes (Fig.3).

Parameters of the applied forces were l.amplitude
(from O[N] to 40[N] with 10[N] interval), 2. direction
(pulling and pushing the metal frame), 3. angle (O[deg],
20[deg], -20[deg]). These parameters were applied to
each channel, therefore generating 5x2x3x4=120 sets
of data. Among the 120 sets randomly chosen 80 sets

404

Fig. 8 Single joint experiment with HAL. HAL and the
wearer swing the knee joint and the interaction force
at the shank cuff is measured.

were used for regression, and the resting 40 sets were
used to test the calibration.

The result is shown in Fig.7. The estimated forces are
enough close to the given force shown in gray arrow, in
both of the pushing (Left) and pulling (Right) direction.
Statistically, in the pushing direction, 95% of the error
was less than 1.7[N] and 2.5[deg], and in the pulling di-
rection, it was less than 4[N] and 4.3[deg]. We suspect
that the cause of the difference in the directions may be
the structural difference. For example, the curvature of
cuff is different between the directions, a plastic plate is
attached only on the inner side of the metal part, and a
belt wraps around the metal part. It has to be investigated
into more detail in future.

4. EXPERIMENT

We tested the plausibility of the estimated interac-
tion force in a situation where a human wears HAL. For
this purpose, single joint motion, where the wearer (one
healthy subject) sits on a chair wearing HAL and moves
his left lower leg around the knee joint, was tested (Fig.8).
Control mode of HAL was either fully autonomous, no
actuation, viscosity compensation or CVC (c.f. section
2). In the fully autonomous mode, it was controlled to
track a pre-planned sine wave trajectory of 0.5[Hz} with
45[deg] amplitude at the knee joint with a comparatively
high feedback gain. In this control mode, the wearer was
asked to swing his leg in accordance with the HAL mo-
tion, earlier than HAL as if to increase the pace of swing-
ing, or later than HAL as if to decrease the pace. In the
other control modes the wearer was asked to swing his
leg according to a metronome ringing at 0.5[Hz]. We re-
ferred to [13] to design the experiment.

Fig.9 shows knee joint angle, its velocity and the es-
timated interaction force at the shank cuff. Larger joint
angle indicates flexing and positive force indicates push-
ing (ex. HAL pushes human leg into extension). In the
case where the wearer tries to swing earlier than HAL
(Top Left), the interaction force is almost in phase with
the velocity reflecting that the wearer is trying to accel-
erate HAL. Contrarily, in the opposite case (Top Right),



