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Central nervous system diseases cause the gait disorder. Early rehabilitation of a patient with central nervous system disease is
shown to be benefit. However, early gait training is difficult because of muscular weakness and those elderly patients who lose
of leg muscular power. In the patient’s walking training, therapists assist the movement of patient’s lower limbs and control
the movement of patient’s lower limbs. However the assistance for the movement of the lower limbs is a serious hard labor
for therapists. Therefore, research into and development of various gait rehabilitation devices is currently underway to identify
methods to alleviate the physical burden on therapists. In this paper, we introduced the about gait rehabilitation devices in central
nervous system disease.

1. Introduction

Walking is one of the most basic forms of locomotion. Fac-
tors obstructing the ability to walk include aging, orthopedic
disease (e.g., fracture), and central nervous system (CNS)
disease (e.g., cerebrovascular disease (CVD) and spinal cord
injury (SCI)). Decreased power of the lower limb muscles,
decreased range of motion, and pain can all contribute to gait
disorder due to aging and orthopedic disease. Causes of gait
disorder with CNS disease likewise include decreased power
of the lower limb muscles and decreased range of motion,
along with effects on the locomotion center. Rehabilitation
is achieved as shown in Figure 1. The method of learning
gait involves passive gait exercise by two therapists. To
teach a patient how to walk again, therapists must guide
the leg movements of the patient, and this task usually
requires one therapist for each leg [1–4]. Hospital-based
rehabilitation is generally carried out 4-5 times a week for
about 10–20 min per session and is very physically taxing,
so prolonged sessions often prove to be difficult. Research
into and development of various gait rehabilitation orthoses
is currently underway to identify methods to alleviate the
physical burden on therapists. This paper outlines SCI and

CVD as two of the major causes of gait disturbance and
introduces gait rehabilitation for CNS disorders as well as the
gait rehabilitation orthoses currently being studied. Muscle
strengthening is not addressed in this study, as that issue
encompasses areas other than CNS disorders. Moreover,
functional electrical stimulation (FES) can be used as a
method of learning gait. However, the purpose of FES is to
achieve motion assistance and to facilitate learning gait. As
distinguishing these two functions is difficult, this method
was excluded from the present paper.

2. Spinal Cord Injuries

Spinal cord injuries (SCIs) occur when the spinal cord
is damaged by trauma to the vertebral column. Similar
disabilities can also occur due to internal factors such as
spinal cord tumors and herniation. Unlike peripheral nerves,
the CNS including the spinal cord is largely unable to
repair or regenerate itself after injury. Major causes of CNS
injury include motor vehicle and sporting accidents. SCIs are
classified as “complete” and “incomplete,” with the former
referring to transection of the spinal cord resulting in total
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Figure 1: Purpose and target of gait rehabilitation.

interruption of neurotransmission function, and the latter
implying partial injury or compression of the spinal cord
with only partial loss of function. In complete SCI, control
of the area below the injury by the upper CNS is lost along
with motor function as signals from the brain fail to reach
the injured region. Sensory perception is also lost due to the
interruption of sensory pathways carrying information back
to the upper CNS. The human vertebral column is divisible
into the cervical vertebrae (C1-7), thoracic vertebrae (Th1-
12), lumbar vertebrae (L1-5), sacral vertebrae (S1-5), and
coccygeal vertebrae (coccyx). The higher an injury is located
on the spinal column, the greater the associated area of
paralysis. Complete lower thoracic spinal injuries cause
paraplegia, while complete upper thoracic spinal injuries
cause quadriplegia and respiratory paralysis. A damaged
spinal cord does not recover, so the paralyzed area does
not change over time. Rehabilitation therefore targets the
area above the injury instead of the paralyzed area below.
However, prolonged recumbency causes muscle weakness, so
it is preferable to commence the rehabilitation program as
soon as possible after sustaining the injury. Although lower
thoracic spinal injuries cause paraplegia, central pattern
generators (CPGs) present in the spinal cord below the
injured area are capable of moving the legs even when motor
outputs from the brain do not reach the legs. Accordingly,
some gait rehabilitation programs seek to reteach motor
activities to CPGs in conjunction with trunk- and arm-
muscle strengthening and wheelchair training. Patients
with upper thoracic spinal injuries involving paralysis of
the legs and trunk, but not affecting movement of the
arms, often undergo rehabilitation focusing on arm-muscle
strengthening and wheelchair training. Gait rehabilitation is
performed to prevent orthostatic hypotension and increase
physical strength. Some movements of vertebrate animals
are thought to be controlled by the neural networks in the
spine known as CPGs. These include periodic motions such
as walking or swimming. Graham Brown [5] conducted
research on CPGs in which decerebrate cats exhibited natural
gait when placed in a harness suspended over a moving
treadmill and even ambulated when electric stimulus was
applied to the area of the brain known as the mesencephalic

locomotor region (MLR), leading to the hypothesis that
CPGs are present as gait pattern-forming areas in the spine
and that walking is the result of interactions between the
mesencephalon and the spinal cord. A study verifying the
presence of CPGs in swimming was carried out on lamprey
eels as primitive vertebrates [6, 7], followed by an experiment
eliciting treadmill locomotion in monkeys [8]. Research
on CPGs in humans [9–12] is also being undertaken in
an attempt to achieve ambulation in patients with upper
SCIs. Elicitation of ambulatory patterns has been identified
as likely to occur with slow gait speed and small load or
normal gait speed and large load [13, 14]. Afferent stimuli
from proprioceptive sensory organs such as muscle and
neurotendinous spindles in the leg muscle groups induce
ambulatory patterns via CPGs. Electrical output from CPGs
is enhanced by repetitive gait rehabilitation and reduced by
the lack of such training [15, 16].

3. Cerebrovascular Disease

CVD occurs when an anomaly in the intracranial blood
vessels nourishing the brain triggers a hemorrhage that
eventually damages the brain tissue due to inflammation/
displacement or ischemia. CVD is generally classified into
cerebral infarction, cerebral hemorrhage, or subarachnoid
hemorrhage according to the form of injury. Cerebral
infarction occurs when the supply of blood to the brain is
interrupted due to stenosis or occlusion of cerebral arteries
as a result of events such as thrombosis. Cerebral hemorrhage
refers to the formation of a mass known as an intracerebral
hematoma caused by the rupture and subsequent hemor-
rhaging of brain capillaries. Subarachnoid hemorrhage is a
condition in which an aneurysm formed in the subarachnoid
space ruptures and the subsequent bleeding places pressure
on the brain. Symptoms vary according to the site of the
damage, with injuries to the left hemisphere of the brain
generally associated with language disorders and injuries
in the right hemisphere causing unilateral spatial neglect
(USN). However, a common symptom is motor/sensory
paralysis on the side contralateral to the injury. Like SCI,
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functions in areas that are damaged by CVD do not recover,
but are instead taken over by peripheral and other areas of
the body and resumed by reconfiguration of neural networks
[17–19]. Beginning rehabilitation as soon as possible after
sustaining the injury is recommended to prevent the onset of
disuse syndrome. CVD rehabilitation focuses on strengthen-
ing the muscles on the unaffected side as well as performing
repetitive motor training on the paralyzed side to reteach
motor activities to the brain. Rehabilitation programs are
designed according to the symptoms of the patient, such
as higher brain dysfunction. CVD patients with USN, for
example, may undergo symmetrical gait rehabilitation using
a mirror.

4. Gait Rehabilitation in CNS Disease

Gait rehabilitation is implemented in a variety of ways,
according to the condition of the patient. Some examples
include the use of walking sticks, lower limb orthoses,
parallel bars, walking frames, and treadmills. Aims of
rehabilitation include teaching gait action, strengthening
muscles, and building endurance. When teaching gait action,
the therapist usually holds on to the legs and waist of the
patient and provides guidance. This approach may involve
the use of a treadmill and suspension device known as a
bodyweight support (BWS) system to prevent the patient
from falling and to enable the therapist to hold the patient
more easily. BWS systems may employ springs, weights, or
winches and can be used to preclude the onset of disuse
syndrome by enabling gait rehabilitation in patients who
cannot assume a standing posture while preventing them
from falling [20–24]. Gait retraining targets reticulospinal
tract CPGs [25] in SCI patients, and healthy areas of the
cerebrum in CVD patients. Input stimuli for the purpose
of retraining consist of changes in muscle length detected
by muscle spindles and changes in muscle strength detected
by neurotendinous spindle. Moving the legs during gait
rehabilitation while applying a load is believed to produce
input to the CNS regarding changes in muscle length and
muscle strength, whereas moving the legs without applica-
tion of a load only generates inputs for changes in muscle
length. Research is therefore being undertaken into ways of
automatically controlling load and leg joint movements in
order to send stimuli to the CNS during gait rehabilitation in
a safe and suitable manner. Gait rehabilitation immediately
after injury places a considerable burden on the therapist,
making extended sessions difficult. Furthermore, therapist
instruction is lacking in terms of reproducibility and is
therefore considered unsuitable for certain gait patterns.
Accordingly, the following gait rehabilitation devices are
being researched and developed to mitigate the physical
burden on therapists, enable extended rehabilitation ses-
sions, and provide appropriate stimuli to the CNS. These
devices can be broadly classified into four types: those with
functions of supporting the body and guiding the legs (lifting
device with lower limb orthosis); those with a function
of supporting the body only (lifting device); those with a
function of guiding the legs only (lower limb orthosis);

Walker [27]
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(b)

Lower limb orthosis [61]
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Lifting device with
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Figure 2: Type of gait rehabilitation.

those resembling wheeled walkers or rollators (Walker) as
shown in Tables 1 and 2 and Figure 2. The rehabilitation
orthoses discussed in this paper are tabulated according
to the target user, description of conducted experiments,
and system configuration. Rollator-style devices [26–29]
are used by individuals with muscle weakness as well as
CNS disorder patients and are utilized in daily living as
well as in rehabilitation. This broad range of users and
applications makes comparison difficult, so these devices
have been excluded from the scope of this paper. And FES
(Functional Electrical Stimulation) is researched as a gait
ability acquisition method [30–33]. In FES, there are two
purposes of assistance and rehabilitation of gait. Because
these distinctions are difficult, we exclude it in this paper.

5. Gait Rehabilitation Device

In a study by Hesse et al. [34] on the feasibility of restoring
gait function in CNS disorder patients through repetitive
training, comparison of walking cycle and electromyo-
graphic (EMG) signals in hemiparetic patients who under-
went gait rehabilitation using a BWS system and treadmill or
bed-based gait rehabilitation revealed that cyclical walking
patterns were induced in patients using the BWS system
and treadmill rehabilitation. Hesse et al. also conducted a
study in which cerebral palsy patients underwent regular
ambulatory rehabilitation using a BWS system and treadmill
for 3 months, revealing that gross motor function measure
(GMFM) and functional ambulatory category (FAC) scores
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Table 1: Reference about gait rehabilitation device number 1.

Type Device name Target Rehabilitation method Subject Evaluation item Reference

Lower limb
orthosis

HAL Other Active gait — [61]

GBO CVD Active gait
— [62]

Healthy
CVD

Knee and hip angle
Knee and hip torque
EMG of lower limbs
Foot trajectory

[63]

Healthy
CVD

Knee and hip angle [64]

ALEX SCI, CVD Passive gait
Healthy Foot trajectory [65]

CVD
Knee and hip angle
foot trajectory

[66]

LOPES SCI, CVD
Passive gait
Active gait

Healthy Step height [49]

Healthy
Knee and hip angle
Step height

[50]

Healthy
Knee and hip angle
EMG of lower limbs

[51]

Healthy
Knee and hip angle
EMG of lower limbs

[52]

Nango’s research Passive gait

— [67]

— [68]

— [69]

Lifting device

WARD CVD Active gait Healthy Gait velocity, stride [70]

RGR Trainer CVD Active gait Healthy Pelvic obliquity [57]

STRING-MAN CVD Active gait Healthy ZMP position [71]

Lokolift CVD Active gait Healthy GRF [72]

Flora CVD Active gait Healthy Knee and hip angle [73]

Ikeuchi’s research CVD
Active gait Healthy GRF [74]

Active gait Healthy Unloading force [75]

BWS system CVD Active gait Healthy GRF [76]

KineAssist CVD Active gait — [77]

Where CVD Active gait

— [63]

Healthy Unloading force [78]

Healthy Unloading force [79]

Healthy Unloading force [80]

Mouri’s research Other Active gait — GRF [81]

Franz’s research Other Active gait
Healthy GRF Unloading force [82]

Healthy GRF unloading force [83]

LiteGait Other Active gait — [84]

AID-1-M CVD Active gait — [85]

improved and that this method of rehabilitation was effective
in reteaching walking patterns to the CNS [35]. In collab-
oration with Uhlenbrock, Hesse developed a gait Trainer
(Figure 3) with an added mechanism to control leg position,
thus reducing the physical effort needed to guide both of
the legs and to ensure reproducibility of instructions during
rehabilitation. With this machine, the feet of the patient are
fixed onto footplates, one of which is fixed to the center
of a planet gear on a planetary gear system allowing the
footplate to move back and forth. The ratio of stance phase
to swing phase is set at 6 : 4 [36]. In order to verify whether

this gait Trainer enables similar ambulatory rehabilitation to
conventional methods, Hesse et al. compared EMG signals
from the legs of a healthy subject and subjects with CVD-
induced hemiparesis when walking with the gait Trainer and
when walking with therapist assistance, but did not observe
any significant difference in either group [37]. In a study by
Werner et al. [38] comparing the effects of walking with a gait
Trainer and walking with therapist assistance over 6 weeks of
rehabilitation on CVD patients, no significant difference was
observed between the two methods based on respective FAC
scores.
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Table 2: Reference about gait rehabilitation device number 2.

Type Device name Target
Rehabilitation
method

Subject Evaluation item Reference

Lifting device
with lower
limb orthosis

Lokomat SCI,CVD
Passive gait
Active gait

Healthy EMG of lower limbs [86]

Healthy EMG of lower limbs [87]

Healthy Knee and hip angle [39]

Healthy
EMG of lower limbs
Knee and hip angle

[88]

Healthy
SCI

Knee and hip angle [40]

Healthy
SCI

Knee and hip angle [41]

Healthy
SCI

Knee and hip torque
MAS scale

[89]

Healthy Hip torque [42]

Healthy MAS scale [90]

Healthy
SCI

Knee and hip torque
Knee and hip angle
EMG of lower limbs

[43]

PAM with POGO SCI,CVD Passive gait

Healthy Pelvic position [44]

Healthy Pelvic position [46]

— [47]

Healthy
CVD

Pelvic position
EMG of lower limbs

[48]

Healthy Pelvic position [91]

Gait Trainer SCI,CVD Passive gait

CVD EMG of lower limbs [34]

Healthy EMG of lower limbs [36]

CP Gait velocity, stride [35]

— [92]

Healthy FAC [38]

ARTHuR SCI,CVD Passive gait
Healthy Foot trajectory [45]

SCI
EMG of lower limbs
Foot trajectory

[93]

GNU Gait Trainer SCI,CVD Passive gait

— [55]

Healthy Foot trajectory [53]

Healthy Foot trajectory [54]

Healthy Foot trajectory [56]

Healthy Knee and hip angle [94]

HapticWalker SCI,CVD Passive gait
Healthy Foot trajectory [58]

— [59]

Autoambulator SCI,CVD Passive gait — [95]

Airgait SCI,CVD Passive gait Healthy Knee and hip angle [96]

Walker

i-walker Other Active gait Elder Movement trajectory [26]

RT-walker Other Active gait — [27]

Wang’s research Other Active gait — [28]

Ishida’s research Other Active gait Elder Muscle power [29]

Colombo et al. [39] developed a “driven gait orthosis”
(DGO) that guides the hip and knee joints using a two-
link robot arm to achieve more normal locomotion of these
joints during gait rehabilitation. The DGO comprises a
BWS system attached to a treadmill, and motorized devices

attached from the hip to the foot. The patient is suspended
over the treadmill by a harness attached to the BWS system
and is assisted in extending and flexing the knee/hip joints by
the attached motors. The angle of each joint is measured by
joint potentiometers. The length of the upper and lower leg
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Figure 3: Gait Trainer.

Figure 4: Lokomat.

segments of the orthosis can be adjusted to suit the length
of the patient’s thigh and lower leg. Joint angle position of
the DGO and speed of the treadmill can be controlled in
accordance with the gait pattern objectives designated by
the therapist. Jezernik et al. [40] subsequently developed
the Lokomat (Figure 4) as the successor to the DGO and
created an adaptive control algorithm using an impedance
controller, adopting the hip and joint angles of healthy
subjects as default reference values as a way of controlling
the leg motors. However, leg joint angles differ for each
individual, so using hip and knee joint angles of another
person as reference values forces the human user to compete
with the machine and inhibits spontaneous movement of the
user. The reference values provided by Lokomat can therefore
be adjusted to reduce the estimated interactive torque of
the robotic arms and patient’s legs. Locomotion experiments
were conducted using healthy subjects, with reference values
compared against actual measured values, position control

PAM

POGO

Figure 5: PAM, POGO.

precision was confirmed, and good results were obtained
[41]. Interactive torque when using the Lokomat to walk
was estimated based on the motor torque produced by
automatic movement at each joint using the Lokomat and
the torque at each joint produced without using the orthosis.
As a result, interactive torque was estimated to increase
during the swing phase [42]. Comparison with control
based on visual feedback and impedance control indicated
the latter method is more effective. A force sensor was
attached to the Lokomat and leg maximal muscle strength
and leg spasticity evaluation systems were proposed and
assessed in patients with neurological disease, and were
consequently found to be effective. Four training modes were
then integrated with biofeedback and evaluation systems
[43]. Ichinose et al. [44] pointed out that the Lokomat
and gait Trainer are capable of guiding the legs without
restriction, but inhibit the important gait movements of
rotating, inclining, and horizontally moving the pelvis and
developed the pelvic assist manipulator (PAM) (Figure 5)
to address these shortcomings. The PAM comprises a BWS
system, a treadmill, and six pneumatic cylinders fixed to
a support column positioned behind the patient’s pelvis.
Force sensors are attached at either end of the pneumatic
cylinders, while the ends of the left and right cylinders are
attached to the left and right sides of the patient’s pelvis. The
pneumatic cylinders are used to actuate the pelvis, providing
more degrees of freedom (DOF) of pelvic movement and
being relatively cheaper per DOF than other actuators. This
system can control five DOF, comprising pelvic rotation and
obliquity as well as up-down, forward-back, and left-right
movements. The PAM controls patient gait by recording
the pelvic trajectory of a healthy subject during walking
based on the length of the left and right cylinders and
then reproducing the trajectory sequence on the patient.
Based on an experiment carried out on healthy subjects
both with and without the use of the PAM, the precision
of pelvic position control with the PAM was found to be
good. However, the PAM is unable to guide patient pelvic
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Figure 6: LOPES.

movements, so Ichinose et al. developed a new gait training
robot known as the Ambulation-assisting Robotic Tool for
Human Rehabilitation (ARTHuR) [45], which is capable of
guiding pelvic and leg movements. The team also performed
pneumatic cylinder modeling and constructed a system that
monitors the force generated by the pneumatic cylinders
during position control in real time to prevent excessive
force from being applied to the patient’s body [46]. However,
the feed-forward control system that measures and applies
the pelvic position of a healthy individual to a patient as
reference values sometimes causes considerable force to be
applied to the body of the patient, due to differences in
individual gait patterns. Such force can result in inhibition of
pelvic movement. The researchers therefore came up with a
position control method using impedance control to address
the need for real-time monitoring of changes in inputs to the
patient [47]. Comparing the use and non-use of impedance
control in SCI patients revealed that impedance control
did not yield a considerable range of pelvic movement.
The team also developed the Pneumatically Operated Gait
Orthosis (POGO), which guides leg movements using two
pneumatic cylinders on each leg, and built a system to
integrate this device with the PAM. The first of POGO’s
pneumatic cylinders is positioned between the pelvis and
ankle joint, and the second is set up between the first cylinder
and the knee joint [48].

Ekkelenkamp et al. [49] developed the Lower-extremity
powered exoSkeleton (LOPES) (Figure 6) to meet the need
for ambulatory rehabilitation in various environments so as
to acquire practical gait patterns, rather than only in certain
external environments such as on a treadmill. LOPES is a gait
rehabilitation orthosis with a two-link robot arm applied to
the hip and knee joints, with the robot arm attached to a
treadmill. A virtual external environment is set up on the
treadmill and reaction force applied to the leg is measured
based on the angle of leg joints, with the acquired data then
used to control the robot arm torque. The LOPES research
team validated the responsiveness of torque control and

Figure 7: GNU Trainer.

confirmed that the reaction force can be communicated to
the subject. There is a risk of considerable force being applied
to the patient in simple position control mode, so the team
developed an impedance controller using the leg joint angles
of a healthy subject during gait as reference values. However,
comparison of gait patterns of a healthy subject in terms
of leg EMG signals and leg joint angles with and without
the use of LOPES did not reveal any significant differences
[50]. Comparison of leg joint angles in healthy subjects in
multiple virtual external environments revealed that angles
varied according to the environment [51]. Gait patterns of
healthy subjects were compared in terms of leg EMG signals
and joint angles using a treadmill and the LOPES device with
the aim of reducing impedance parameters and confirming
the impact of the device. As a result, use of the LOPES
device was found to increase pelvic inclination and alter
leg muscular activity, and these outcomes were attributed
to the inertia of the device itself [52]. The GNU Trainer
(Figure 7) is a gait rehabilitation orthosis utilizing a BWS
system without a treadmill [53, 54]. Gait rehabilitation can
be effective when conducted in various environments, so we
have developed a gait rehabilitation system for use in virtual
external environments. The BWS mechanism comprises
wires attached to both shoulders and suspended by a winch
via springs. A motorized single-axis pendulum is mounted
on the shoulders of the patient to assist with swinging
motions of the arms. Footplates control the foot angle and
position, while a bilateral base portion is moved backwards
and forward by a single motor via a belt. The footplates
attached to the base are controlled by two cylinders and one
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Figure 8: RGR Trainer.

linear slider, with the cylinders mounted to the heel and toe
portions to control heel and toe heights, and the linear slider
is attached to the plantar portion to control forward and
backward movements of the footplates. A device for fixing
pelvic position of the patient is secured to the BWS unit and
prohibits pelvic movement during gait rehabilitation.

A liquid crystal display (LCD) is set up in front of the
patient’s line of sight and displays images of virtual external
environments during rehabilitation. A basic gait pattern is
designated based on the gait data of a healthy subject and
the walking speed; step size and maximum plantar angle are
set while the arm link cycle; base cycle and cylinder orbit
are determined before commencing rehabilitation. A target
value is then designated for the virtual external environment
and the patient is induced to walk. Following testing on
healthy subjects to confirm the setting precision of the walk-
ing route according to the virtual external environment, the
ability of the orthosis to induce walking was demonstrated.
We proposed a footplate mechanism with four DOF based
on the notion that a more realistic feedback system could
be constructed by controlling not only ankle joint angle
and foot position, but also inward and outward ankle joint
rotations and metatarsophalangeal (MTP) articulations [55].
Conventional methods have controlled the base portion
symmetrically using a single motor, but the gait of CVD
patients is asymmetrical, so we proposed a mechanism with
independent left and right bases and conducted a locomotion
experiment to validate this method [56]. Pietrusinski et
al. [57] developed the Robotic Gait Rehabilitation (RGR)
Trainer (Figure 8) to guide the pelvic movements of CVD
patients during gait rehabilitation. Although pelvic motions
of CVD patients are already restricted during walking, the
Lokomat orthosis further limits movement of the pelvis. The
PAM enables passive mechanical movement of the pelvis,
but spontaneous pelvic movement by the patient has proven
to be difficult. The RGR Trainer was therefore developed to
provide assistance to the patient without inhibiting spon-
taneous pelvic movements. The system comprises left and
right support portions attached to a treadmill. The support

Figure 9: HapticWalker.

portions comprise a load cell, encoder, and cylinder. Pelvic
positions of a healthy subject during a gait cycle are used as
reference values and force is controlled relative to position
error in the vertical direction by feedback of load cell
values. Maciej et al. confirmed the frequency response of this
system and the fact that the RGR Trainer does not inhibit
pelvic movements. After measuring the gait patterns of a
healthy subject with and without use of the RGR Trainer, the
inventors also established that no significant differences exist
in respective pelvic position data.

Schmidt et al. [58, 59] developed the HapticWalker
(Figure 9) with the aim of providing tactile feedback to
patients during gait rehabilitation. Providing feedback on the
force exerted on the foot is crucial in gait rehabilitation of
CVD patients. Conducting rehabilitation in various environ-
ments is also important to acquire a practical gait pattern.
Schmidt et al. therefore developed a gait rehabilitation
system for use in simulated external environments. The
HapticWalker comprises three DOF footplates attached to
a BWS system. The footplates control ankle joint flexion
and extension, as well as sagittal and vertical foot positions.
The patient walks in the simulated external environment
wearing a head-mounted display and force exerted on the
foot is controlled based on feedback from six DOF force
sensors attached to the footplates. Agrawal and Fattah [60]
proposed a passive gait rehabilitation system without the use
of motive energy, based on the assumption that mechanical
gait rehabilitation systems that use motive energy to auto-
matically move the legs may actually inhibit spontaneous
movements by the patient. The proposed system targets
patients with CVD, Guillain-Barre syndrome, multiple scle-
rosis, and severe muscle weakness. It comprises a device
attached to the pelvic and knee joints and a brace for
securing this device. The device is a two-link arm employing
a parallelogram linkage mechanism at the knee joint portion,
while springs from the upper lumbar and lower thigh regions
assist hip joint flexion and extension, in addition to knee
joint flexion. Agrawal et al. demonstrated the efficacy of the
system after conducting kinematic analysis and estimating
assisted hip/knee joint torque. To demonstrate the efficacy
of the prototype, the inventors measured the gait patterns
of a healthy subject in terms of EMG signals and knee
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Figure 10: GBO.

joint angles both with and without use of the device, and
subsequently found that hip/knee joint movements were
similar, but that muscle activity was reduced when using the
prototype. Furthermore, measurement of knee and hip joint
angles during gait of stroke patients with and without the
prototype device revealed that using the device did not yield
considerable ranges of knee/hip joint movement.

Based on those research findings, Agrawal et al. devel-
oped a gravity-balancing orthosis (GBO) (Figure 10). Banala
et al. measured the changes in hip/knee joint angle torque
during gait after altering the rate of leg motion assistance
provided by the orthosis using a two-link model [62].
Choon-Young and Ju-Jang [63] developed a mobile gait
rehabilitation orthosis with a BWS unit. The orthosis is
capable of self-propulsion using two motorized drive wheels
at the base portion. The motorized BWS unit is secured to the
base. Lee et al. developed an orthosis movement algorithm
and designated a reference trajectory, then performed a
simulation. Constructing a BWS algorithm and modeling
the human body as a spring-mass-damper system, the team
also designated a reference BWS force and performed a
BWS simulation [78]. Coming up with an optimal controller
setting to control the BWS mechanism has proven difficulty
in the past, as each subject is different. To overcome this
issue, Lee et al. created a learning controller utilizing neural
networks. The team successfully performed a BWS experi-
ment on a subject while measuring the BWS force [79]. The
BWS mechanism operates at a constant force using a simple
control system, allowing the team to develop a mechanism
linking a pneumatic cylinder in parallel with a motor. After
designating reference BWS values and performing a BWS
simulation, the team obtained good results [80]. Banala
et al. [65] developed the Active Leg EXoskeleton (ALEX)
(Figure 11) using a treadmill and motorized leg orthosis. The
body of the patient is supported by a thigh device while
linear actuators and load cells are attached to the hip and
knee joints. The patient walks while looking at the reference
foot trajectory appearing on the display placed in front
of them. The display also shows the actual foot trajectory
of the patient in real time. The orthosis is controlled by

Figure 11: ALEX.

linear actuator force commands to the hip and knee joints,
with commands generated by calculating the deviation in
actual foot joint position and reference position based on
feedback of hip and knee joint angles and gait speed. A
healthy subject walked on the ALEX orthosis for 1 h to
confirm the learning effects on patients. As a result, Banala
et al. confirmed the efficacy of the system based on the
error between the reference trajectory before and after the
experiment. The efficacy of the ALEX was also confirmed on
a stroke patient who underwent 15-day gait rehabilitation on
the orthosis based on increases in gait speed and declines in
reference trajectory error observed after the experiment [66].
Yoshiyuki et al. [96] developed the “airgait” gait rehabilita-
tion orthosis using the motive power of McKibben pneu-
matic artificial muscles (PAMs). The actuators are PAMs,
and so have the benefits of being lightweight and capable of
generating substantial power. The airgate itself comprises a
motorized orthosis, counterweight BWS unit, and treadmill.
The motorized orthosis is secured to the treadmill by a
parallel linkage with gas spring. The PAMs are arranged as
antagonistic biarticular and monoarticular muscles modeled
on the human musculoskeletal system. After setting the
reference knee and hip joint angles and reference pressure
levels for PAMs, pressure commands are issued to each of
the PAMs based on feedback on the current values of knee
and hip joint angles and respective pressure levels of PAMs.
Shibata et al. tested the accuracy of the airgait’s positional
control by conducting a gait session on a healthy subject
and comparing reference and actual measured values. The
AutoAmbulator [95] is a gait rehabilitation orthosis with
a BWS system developed by HealthSouth. This orthosis
comprises a BWS system, treadmill, and hip and knee joint
devices that are secured to the treadmill. The attached devices
guide the legs of the patient according to the reference
gait trajectory and speed set by the therapist. Tokioka and
Watanabe [73] developed a weight-bearing BWS orthosis
named Flora that lifts the user with a crane attached to a
steel ceiling with a permanent magnet. The BWS portion
employs a constant force spring and motor. The gait mode in
Flora is activated by a therapist using the switch controller.
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In an experiment using the Flora orthosis on a healthy
subject, Tokioka et al. confirmed that raising the BWS lift
force of the device increased gait cycle and reduced step
size. Frey et al. [72] developed a BWS system called Lokolift
using a spring and a motor. Lokolift comprises a lifting wire
connected to a harness worn by the patient, a motor that
controls the length of the wire, and a motor that controls
the wire tension via a spring. Frey et al. tested the precision
of the lifting force control from Lokolift by lifting a healthy
subject during gait and obtained good results. Gazzani et
al. [70] developed the walking assistance and rehabilitation
device (WARD) BWS system using a pneumatic cylinder.
After conducting a gait experiment on healthy subjects while
varying the lifting force in order to demonstrate the effects
of lifting force on gait action, Gazzani et al. found that
increasing the lifting force reduced gait speed and that lifting
the subject at a force equivalent to 70–80% of body weight
makes walking difficult. Surdilovic et al. [71] developed a
BWS system called STRING-MAN, which attaches multiple
wires to the anterior and posterior trunk and controls
the zero moment point (ZMP) of the patient. The aim
of using this device is to reteach balance during gait by
controlling the ZMP. Surdilovic et al. developed an algorithm
to control the ZMP via a parallel wire mechanism and
performed ZMP control simulation using a kinesiological
model, then investigated the number of wires needed and
built a prototype. Peshkin et al. [77] developed the KineAssist
robotic device for gait and balance training. KineAssist
comprises a mechanism to support the pelvis of the patient
and a base to secure the mechanism and perform actuation.
This device is intended for gait and balance rehabilitation
in patients with CVD and cerebellar ataxia and is designed
to facilitate therapist guidance of the patient’s legs without
the use of a leg-guiding robotic arm mechanism, based on
the notion that orthoses such as the Lokomat that automate
leg guidance fail to incorporate the techniques developed
by therapists into rehabilitation. KineAssist allows left-
right, forward-backwards, and inclined pelvic movements,
as well as transverse rotations and movements. Watanabe
et al. [76] developed a BWS system to alleviate leg burden
during gait rehabilitation. The system comprises a pelvic
support device attached to a treadmill. The device features
a load cell to measure weight-bearing load, an encoder to
measure transverse pelvic rotation angle, and a motorized
mechanism that moves up and down. The system allows left-
right, forward-backwards, and inclined movements as well
as transverse rotation of the pelvis. The controller operates
as follows. Values from the encoder are used to estimate
heel-contact and toe-off and reference lift force values are
designated accordingly. Device motor speed commands are
then generated based on the error between load cell values
and the reference lifting force. Fujie et al. tested the precision
of lifting force control for the BWS system by lifting a
healthy subject during gait. Lee and Sankai [61] developed
a powered exoskeleton known as the Hybrid Assistive Limb
(HAL) that drives motors positioned at each of the user’s
joints based on surface EMG signals. HAL is a wearable
exoskeleton with motors attached to the hip and knee joints
of the user. Electrodes are attached to the anterior and

posterior lower and upper thighs to measure EMG signals.
The measured signals are converted into absolute values, hip
and knee joint torques are estimated, and the estimates are
then used to generate torque commands. HAL is researched
as a study device of gait pattern for CNS patients. Ikeuchi et
al. [74] developed a gait support device that lifts the subject
using a crane moving back and forth along an elliptical rail.
They researched how to maintain constant leg burden by
adjusting the weight-bearing load based on measurements
from a floor reaction force gauge built into the walking
surface. In an experiment on healthy subjects, a lift control
simulation was performed after determining the transfer
function from the BWS system to the floor reaction force
gauge. While unrelated to gait rehabilitation, we introduce
the MIT-MANUS as the motion teaching system for CVD
patients. The MIT-MANUS is a therapeutic robotic arm
developed by the Massachusetts Institute of Technology
(MIT) to provide motion training to CVD patients. MIT-
MANUS is a task-oriented device operated using a horizontal
robotic training arm. The user manipulates this arm to move
a cursor towards a target displayed on a screen. The device
is equipped with a visual feedback unit and also features
motorized passive actuation capability to allow users who
lack sufficient autonomic movement to reach the target.
Rehabilitation using the MIT-MANUS enhances proximal
arm muscle strength with sustained, long-term effects [97,
98].

6. Summary

Gait rehabilitation devices designed for patients with CNS
disorders use actuators and a treadmill to passively move
patients with the aim of reteaching gait patterns to the
CNS. While research has been conducted on passive actuator
mechanisms targeting the pelvis, hip joints and knee joints,
no proposals have been made for mechanisms that incor-
porate the ankle joints. Furthermore, a number of actuator
control methods have been suggested. The first is position
and impedance control of reference values obtained from
the limb movements of a healthy subject. The second is
adaptive control whereby the limb movements of a healthy
subject are set as default reference values and subsequently
adjusted to reduce competing forces between the patient
and actuator. The third is model-based control estimating
the necessary force using inverse kinematic modeling based
on the patient’s joints. These control methods should be
determined according to the condition of the patient and the
intended type of input stimuli and are targeted at patients
with CNS disorders. However, no studies on control methods
have yet been aimed at subjects with orthopedic disorders
such as bone fracture. Given the state of research at present,
there is currently a need for mechanical devices that passively
actuate the pelvis and hip, knee and ankle joints. There is
also a need for actuator control methods that target specific
disorders.
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