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Case Report
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Abstract.

PURPOSE: The purpose of this study was to investigate the immediate effect of Walkbot gait training on knee joint stiftness in
an individual with spastic hemiplegia.

METHOD: A woman with hemiparetic stroke underwent a 30-minute Walkbot robotic-assisted gait training session. Knee flexion
stiffness associated with hamstring spasticity and knee extension torques during the terminal swing phase was determined before
and after the intervention using the Walkbot-STIFF measurement system.

DESIGN: Descriptive case analysis.

RESULTS: Knee joint extension kinematic at the terminal swing phase increased from 2.44° to —0.28°. Knee joint torque
increased from 0.26 Nm to 0.32 Nm. The knee flexion stiffness decreased from 0.0083 Nm/degree to 0.0022 Nm/degree following
the training.

CONCLUSIONS: The Walkbot robotic-assisted locomotor training was effective for reducing knee joint stiffness and improving
extensor torque during functional gait. Moreover, the Walkbot-STIFF system was useful for assessing and monitoring spasticity
during locomotor training.
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Fig. 1. Neurodiagnostic imaging.

to passive elongation of the involved muscle [10, 13,
24]. In particular, hamstring (antagonist) muscle spas-
ticity co-activates the quadriceps muscle (agonist) from
the midswing to the terminal swing phases of the gait
cycle, thus constraining knee terminal extension. This
limited kinematic knee extension results in decreased
step length, stride length and walking velocity [4], and
knee extension torque and moment. Moreover, a lack
of mobilization of the knee joint muscle or prolonged
immobilization of the hamstring muscle at a shortened
length will create muscle stiffness and neuroreflex-
ive sensitivity or threshold, which is associated with
disused muscle atrophy, or decreased sarcomere or vis-
coelastic properties. This will eventually lead to joint
contractures and limited functional range of motion
(ROM) [20, 27] during the terminal swing phase of the
gaitcycle. Hence, itis important to mobilize the affected
or hemiparetic limb as early as possible in stroke reha-
bilitation to prevent muscle stiffness and neuroreflexive
sensitivity or threshold associated with disused muscle
atrophy. Early mobilization through locomotor training
has been shown to reduce spasticity and improve lower
limb ROM or gait speed in hemiparetic stroke [6, 19].

Despite the important contribution of robotic-
assisted training in lower-limb mobilization, there is
a dearth of evidence on the effect of robotic-assisted
gait training on stiffness control in hemiplegic stroke.
We recently developed the Walkbot system, which is
designed to provide active-assistive gait training with
selective ankle joint actuation. Robotic-assisted gait
training has gradually gained widespread acceptance
among stroke rehabilitation clinicians because it offers
the advantage of an intensive, repetitive, task-specific
gait training paradigm [28] with comparable results
to conventional stroke rehabilitation. Therefore, the

Table 1
General characteristics of the patient

Sex Age Height Weight Month Paretic ~ Stroke type
after stroke  side

F 61 155 78 60 left

Hemorrhage

specific aim was to investigate the immediate effect
of Walkbot gait training on knee joint stiffness in an
individual with spastic hemiplegia during locomotion.

2. Methods
2.1. Case description

The subject (KJ) was a 61-year-old woman with
left hemiparesis following a right intracerebral (basal
ganglia) hemorrhage. She underwent a total hip replace-
ment (arthroplasty) and craniotomy. The patient was
initially admitted to the university medical center due
to the sudden onset of muscle weakness and sensation
in the left side, accompanied by loss of balance dur-
ing gait. Neurodiagnostic imaging with MRI and CT
confirmed intracerebral hemorrhage (Fig. 1). Once her
hemorrhage was stabilized, she received physical ther-
apy five times a week and had no prior experience of
robotic-assisted gait training. At the time of the present
study, she was able to walk about 30 feet independently,
using a straight cane.

The patient provided written informed consent and
the study was approved by the institutional review
board (IRB) of Pusan National University Hospital. The
patient’s demographic and clinical characteristics are
shown in Table 1.
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Fig. 2. Robotic assisted gait training using the Walkbot system.

Table 2
Electronics and mechanical characteristics

Actuator 2 AC + 2DC servomotors

Ankle dorsiflexion control Universal *EMG-triggered "FES
mode modes
Foot switch Pressure sensors (heel,
metatarsal, toe)

Degrees of freedom 4

Automatic length Thigh, Leg
adjustability

Operating control for step Remote JOG
motion

Damper Automatic On/Off

Unilateral, Bilateral, Single joint
compartment

Operating system module

*EMG: electromyography; °FES: functional electrical stimulation.

2.2. Apparatus

The Walkbot System (P&S Mechanics, Seoul,
Korea) is a robotic-assisted locomotor training device,
which is designed to facilitate earlier ambulation by
providing adjusted body-weight-bearing control and
real-time visual biofeedback for torque and stiffness,
and kinematics for the hip, knee and ankle joints. The
device consists of a suspension harness for body weight
support (BWS), a motorized treadmill and an actuator-
controlled exoskeleton (Fig. 2). The treadmill speed and
torque (assistance and resistance) can be adjusted to
accommodate the patient’s level of locomotor perfor-
mance as the training progresses. The characteristics of
the Walkbot system are summarized in Table 2.

2.3. Experimental tasks and procedures

KJ’s anthropometrical data, including her age,
height, weight, foot length and width, femur and tibia
length, were initially measured and used for assessment.
KJ wore soft, light clothing to prevent interference

Table 3
Anthropometric and spatiotemporal data

Anthropometric data Spatiotemporal data

Thigh length 0.360 m Step length 1.10m
Leg length 0.360m ‘Walking velocity 0.77m/s
Ankle height 0.065 m

with the stiffness measurements. She was secured with
the Walkbot’s harness and exoskeletal attachments for
the thigh, shank and foot, which were adjusted to
her anthropometric characteristics. Predetermined gait
parameter data, including velocity (0.77 m/s), joint
angle (the total knee joint excursion angle was set
between 5° and 80°), percentage of body weight
(BW) suspension, and walking time (30 minutes) were
entered into the system (Table 3). KJ was then familiar-
ized with the experimental procedure by practicing the
robotic-assisted walking on the motorized treadmill.

2.4. Neuromechanical measurements

Neuromechanical measurements entailed knee joint
kinematics (angular displacement), torque, and joint
stiffness. The Walkbot system is equipped with
Kinematic and Kinetic Computing software, which
is capable of calculating the angular displacement,
moment or torque of the hip, knee and ankle joints
on a real-time base. The net momentum or torque was
computed with the following equation:

dL d(lw) Ida)

a  dt  dt
where 7 is the total torque exerted on the body, L is
the angular momentum vector, ¢ is time, / is the mass
moment of inertia of the body, w is the angular velocity,
and « is the angular acceleration of the body, measured
in rad/S?.

The Walkbot system is modulated by five servomo-
tors for the bilateral hip, knee and ankle joints, which
enable the safe, coordinated control of locomotor kine-
matics and kinetics using encoders and a full dynamic
model of the exoskeletal system. Each actuated servo-
motor has a built-in encoder to instantaneously detect
the joint angle, angular velocity and acceleration, which
are used for moment computation. Foot load sensors are
used to monitor each foot’s pressure distribution when
the exoskeleton’s feet are in contact with the treadmill
surface, thus providing information on the center of
the pressure trajectories during the stance phase. All
of the foot sensors are hardwired to a network circuit of

Tnet = I,
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Fig. 3. Knee joint kinematics.

electronic input/output module (IOM) boards, which
are then linked to a central command and operating
system. The validity and feasibility of the intelligent
Walkbot system have been well established [11].

Based on the kinematic and kinetic data, we deter-
mined the knee joint stiffness during the terminal swing
phase of the gait cycle. This terminal swing phase event
was chosen because hamstring (antagonist) muscle
spasticity co-activates the quadriceps muscle (agonist)
from the midswing to the terminal swing phases of
the gait cycle, thereby constraining the terminal exten-
sion of the knee. This limited kinematic knee extension
results in decreased step length and stride length, walk-
ing velocity and knee extension torque or moment [4].

The stiffness was expressed by estimating the slope
of the linear regression in the torque-displacement
curve [8, 21]. The knee joint angle, moment and torque
data were collected before and after 30 minutes of Walk-
bot robotic-assisted gait training.

3. Results
3.1. Kinematic data

The knee joint kinematic at the terminal swing phase
increased from 2.44° (pre-robotic walking) to —0.28°
(post-robotic walking) (Fig. 3).
3.2. Torque data

Knee joint torque increased from 0.26 Nm (pre-
robotic walking) to 0.32 Nm (post-robotic walking) at

the terminal swing phase, yielding a 20% improvement
in muscle strength (Fig. 4).
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Fig. 5. Knee joint stiffness.

3.3. Stiffness (resistance) data

The total knee joint stiffness recorded for the entire
gait cycle decreased from 0.0083 Nm/ degree (pre-
robotic walking) to 0.0022 Nm/degree (post-robotic
walking), yielding a 70% reduction in muscle stiffness
(Fig. 5).

4. Discussion

The present study highlighted the effect of robotic-
assisted gait training on knee joint kinematics, torque
and stiffness in a chronic hemiparetic stroke patient.
As anticipated, we found that as little as 30-minutes
of robotic-assisted gait training can produce a signifi-
cant reduction in knee joint stiffness and increased joint
kinematics during gait. This is the first clinical case
trial to demonstrate the immediate effects of robotic-
assisted gait training on knee joint stiffness, kinematics
and torque in gait performance. Most importantly, our
knee joint stiffness data showed that slope (angle-torque
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relationship) decreased. Spasticity has been suggested
to be positively related to muscle stiffness, which is a
common neuromotor impairment following stroke [13,
14, 25]. Although the underlying neural mechanism
remains unclear, motor cortex disinhibition is respon-
sible for neuromotor impairment [7, 18, 22]. In fact, a
recent transcranial magnetic stimulation study showed
that intracortical inhibition was significantly decreased
inthe involved hemisphere [16]. Such cortical disinhibi-
tion may contribute inappropriate reciprocal inhibition
to the antagonistic hamstring and grastrocnemius,
which can lead to spasticity and associated plantar
flexion and knee flexion stiffness during the terminal
swing phase. Our knee joint stiffness data during the
terminal phase showed a substantial reduction, from
0.0013 Nm/degree to 0.0004 Nm/degree. This improve-
ment was also associated with improvements in the
joint angle and torque. It has been theorized that cere-
bral insult can result in cortical disinhibition, leading
to disruption of the normal reciprocal inhibition, which
causes increased knee flexor (hamstring and gastrocne-
mius) spasticity.

Our findings are consistent with previous results
[1, 6, 17, 19, 23]. Diserens et al. reported that 3-
weeks of repetitive arm cycling decreased spasticity
in the elbow joints of patients with chronic hemi-
paretic stroke [6]. Other studies have demonstrated that
repetitive, active and assisted joint movement exercise
was effective for reducing spasticity in patients with
paraplegia [17] and post-stroke [1]. Similarly, Nuyens
et al. [19] revealed a significant reduction in knee joint
spasticity after passive isokinetic training in patients
with hemiparetic stroke. Schmartz et al. [23] also
demonstrated a positive effect on stiffness control asso-
ciated with spasticity following robotic-assisted gait
training in children with cerebral palsy. It is possible
that this reduction in stiffness — associated with spas-
ticity or hypertonicity following intensive, repetitive,
and cyclic-passive or active-assisted movement train-
ing — may have resulted from reciprocal inhibition,
whereby the inhibited agonistic quadriceps muscle was
facilitated and the spasticantagonistic hamstring mus-
cle was inhibited [26]. In fact, as clearly demonstrated
in our torque and stiffness data, knee extension torque
increased while knee flexion stiffness decreased at the
terminal swing. Muscle thixotropy, the neuromechani-
cal property by which muscle becomes more pliable and
flexible due to long-term molecular reorganization fol-
lowing repetitive concentric and eccentric movement,
may be another possible mechanism [9, 12]. Nuyens et
al. [19] stated that repeated movement may presynapti-

cally inhibit calcium releasing channels and decrease
synaptic transmission, resulting in the ‘habituation’
or desensitization of excessive reflexive activity due
to cortical disinhibition and a subsequent ephemeral
reduction in spasticity [2, 3].

Our preliminary investigation provides the first
stepping-stone towards larger-scale clinical trials to
investigate the short- and long-term effects of Walkbot
assisted gait training on spasticity and associated mus-
cle stiffness. The Walkbot-STIFF measurement may be
areliable and valid instrument for quantifying changes
in muscle stiffness associated with spasticity following
robotic-assisted gait training. However, as in all spas-
ticity tests, such measurements are often influenced by
multiple factors including segment inertia, viscoelas-
tic properties, joint integrity (i.e., contractures, ROM),
antagonistic co-contraction, compliance, psychophys-
ical state and voluntary muscle activity [5, 15]. This
study invites further investigations of the confounding
effects of the aforementioned factors — particularly the
influence of reflex-mediated stiffness, active contrac-
tion or coactivation-mediated muscle stiffness using
additional measures of surface electromyography —,
which can be first established in a normal population
before being tested in a neurological population.

5. Conclusion

In this study, we demonstrated a significant reduc-
tion in resistive knee flexion stiffness and a concurrent
improvement in knee extensor torques during func-
tional locomotion following Walkbot robotic-assisted
gait training in a chronic hemiparetic stroke case.
Consequently, our novel study provides a theoretical
treatment rationale for Sherrington’s reciprocal inhi-
bition and provides further evidence that repeated
movements can produce antispastic effects in indi-
viduals with spastic hypertonia. Furthermore, our
Walkbot-STIFF measurement is useful for the real-
time assessment and monitoring of locomotor training
effects using a visual (kinematics, torque, stiffness) and
kinesthetic (torque) biofeedback system.
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