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Objective To assess the plantar pressure distribution during the robotic-assisted walking, guided through normal
symmetrical hip and knee physiological kinematic trajectories, with unassisted walking in post-stroke hemiplegic
patients.

Methods Fifteen hemiplegic stroke patients, who were able to walk a minimum of ten meters independently but
with asymmetric gait patterns, were enrolled in this study. All the patients performed both the robotic-assisted
walking (Lokomat) and the unassisted walking on the treadmill with the same body support in random order. The
contact area, contact pressure, trajectory length of center of pressure (COP), temporal data on both limbs and
asymmetric index of both limbs were obtained during both walking conditions, using the F-Scan in-shoe pressure
measurement system.

Results The contact area of midfoot and total foot on the affected side were significantly increased in robotic-
assisted walking as compared to unassisted walking (p<0.01). The contact pressure of midfoot and total foot on
affected limbs were also significantly increased in robotic-assisted walking (p<0.05). The anteroposterior and
mediolateral trajectory length of COP were not significantly different between the two walking conditions, but
their trajectory variability of COP was significantly improved (p<0.05). The asymmetric index of area, stance time,
and swing time during robotic-assisted walking were statistically improved as compared with unassisted walking
(p<0.05).

Conclusion The robotic-assisted walking may be helpful in improving the gait stability and symmetry, but not the
physiologic ankle rocker function.
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Stroke is a leading cause of neurological impairment
in adults [1]. Impaired walking function, one of the most
devastating disabilities in post-stroke hemiplegic pa-
tients, greatly contributes to functional disability and
safety following the onset of stroke [2]. The restoration of
walking is the goal most often stated by post-stroke pa-
tients and identified as one of the most important reha-
bilitation goals in the stroke patients [2]. The gait training
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has been largely based on physical therapy interventions
including the Bobath technique, task-oriented training
techniques and bodyweight support treadmill training
[3]. However, conventional gait training does not restore
the normal gait pattern in the majority of stroke patients
[4].

Recently, robotic-assisted locomotor gait techniques
have been introduced with emerging approaches to gait
rehabilitation of individuals after stroke, and they are be-
ing increasingly accepted among researchers and clini-
cians [5]. These robotic devices provide a safe, intensive
and task-oriented rehabilitation for people with mild-
to-severe motor impairments following a stroke [6]. The
recent Cochrane reviews have revealed that patients
who received robotic-assisted gait training in combina-
tion with physiotherapy after stroke were more likely to
achieve independent walking than patients receiving gait
training without such devices [7].

These robotic gait trainers are designed to guide a sub-
ject through a normal physiological gait pattern with
precisely controllable assistance during movement train-
ing [8]. Among these, Lokomat (Hocoma AG, Volketswil,
Switzerland) is the most popular robotic-assisted gait
trainer. It is composed of a treadmill, bodyweight sup-
port system and two light-weight robotic actuators with
a fully programmable control of knee and hip range of
motion [9]. However, the ankle control is not provided by
programmable robotic actuators, and only instrumented
footlifters are applied to feet to aid with foot clearance
during swing [8]. Hidler and Neckel [9] showed that the
hip, knee, and ankle moments during gait training with
Lokomat (Hocoma AG) were similar to those reported
during overground gait in healthy persons using a 3-D
inverse dynamics-based approach. Neckel et al. [8] re-
ported, however, that post-stroke subjects produced
similar overall kinematic patterns on the sagittal plane,
except for decreased ankle ROM during robotic-assisted
gait training. They also generated abnormal joint torque
patterns, particularly in the affected limb.

The ankle and foot are the main structures that support
the body, and their abnormal motions affect the balance
of legs and trunk and cause the change of overall gait
pattern [10]. It is unclear whether robotic-assisted gait
trainers guided through normal symmetrical hip and
knee physiological kinematic trajectories also result in
symmetric, physiological functions of ankle, which is not
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driven by the robotic-assisted gait trainer.

The sense of balance and movement pattern of subjects
could be evaluated by observing the transient moving
path of center of pressure (COP) during the gait cycle [11].
The measurement of COP is done using plantar pressure
measurement system, considered to be a reliable and ob-
jective test [12].

We conducted this study to investigate the ankle func-
tion and gait asymmetry during the robotic-assisted
walking, which induces the normal physiological hip and
knee motion. We compared the robotic-assisted walk-
ing with the unassisted walking on the same bodyweight
supported treadmill in hemiplegic stroke patients.

MATERIALS AND METHODS

Subjects

Fifteen hemiplegic stroke patients (10 men and 5
women; interval from stroke 7.9 months; range 1.4-46.0
months; hemisphere of stroke, 6 right and 9 left) with
mean age of 50.7 years were enrolled in our study. The
types of stroke were infarction in eleven and hemor-
rhage in four patients. Mean lower extremity score of the
Fugl-Meyer Motor Assessment Scale [13] was 25.6 (range
17-33); and Functional Ambulation Category [14] was 3.2
(range 3-4). All the subjects’ ankle motion was passively
full, and fixed deformities were not seen. The manual
muscle test of ankle dorsiflexor ranged from P grade to
G grade (good, 2; fair+, 1; fair, 3; fair—, 3; poor+, 1; poor,
2; poor—, 3 persons). All patients walked independently
without ankle foot orthosis. The foot drop was observed
in twelve subjects, and the ankle inversion was observed
in seven patients during walking. In all patients, diagno-
sis of stroke was established by magnetic resonance im-
aging. Patients who met the following eligibility criteria
were included: 1) first-ever unilateral stroke (hemorrhagic
or ischemic); 2) 18 years or older; 3) normal gait pattern
before first-ever stroke; and 4) Functional Ambulation
Category [14] score of 3 or more. Patients were excluded
if they had a presence of subarachnoid hemorrhage,
sequelae of previous neurologic or orthopedic disorder
that could impair locomotion, limited range of motion
or severe spasticity of lower extremity, skin problems,
severe cognitive or visuospatial dysfunction and/or se-
vere medical illness. All the patients were informed of the
study and submitted a written informed consent before
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enrollment.

Study design

All patients performed both the robotic-assisted walk-
ing and unassisted walking on the same day in a random
order. In robotic-assisted walking, robotic-assisted gait
orthosis was applied to both legs. The orthosis was not
applied in unassisted walking. Lokomat (Hocoma AG)
was run with 100% guidance force under trial, with the
device in pure position control mode rather than imped-
ance mode in robotic-assisted walking. Both trials were
performed under the same conditions with 50% body-
weight support in the same patient, who selected the
walking speed of the treadmill. To familiarize with the
trials, patients tried the robotic-assisted and unassisted
walking in at least three 30-minute sessions, until they
felt comfortable on the day before the trials.

Measurements

Measurements were recorded at 50 Hz by F-Scan sys-
tem (Tekscan Inc., Boston, MA, USA). As according to the
Tekscan user manual (Tekscan Research Software User
Manual version 6.7 Rev. D, 2003), we calibrated to zero
the condition of supporting 50% bodyweight without
foot-contact on the treadmill once the foot-straps were
applied. Such minimized the foot-strap induced errors
during the robotic-assisted walking. The calibration was
done in the same manner for unassisted walking on the
treadmill, excepting the foot-strap. The plantar pres-
sures were measured using pressure insoles, which had
960 force-sensing resistors (3.88 sensors per centimeter
square) and were 0.16-mm thick. The insoles, trimmed
to each subject foot size, were put in each shoe for both
walking conditions, after removing the subject’s own in-
soles.

All data was obtained during a 10-gait cycle of 10-min-
ute walking trial to minimize the effects of fluctuating
bodyweight support, as shown at initial and terminal
waking periods.

The time of swing phase and stance phase was mea-
sured. Stance phase was sub-classified into the initial
double-limb support, single-limb support, and terminal
double-limb support. The contact area was measured as
the sum of area that contacted the floor of treadmill floor
during one gait cycle. The contact pressure was measured
as a sum of the mean pressures, measured at each pres-
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Fig. 1. Trajectory length and back movement number us-
ing path of the center of pressure were measured based
on the study of Paik and Im [11]. 1, Anterior-posterior
trajectory; 2, mediolateral trajectory; 3, total trajectory; 4,
back movement number.

sure sensor during one gait cycle. Both the contact area
and pressure were divided into those of anterior one-
third (forefoot), middle one-third (midfoot) and posterior
one-third (hindfoot), based on each subject’s anteropos-
terior foot length. The trajectory length and frequency of
back movement were measured using the path of COP, as
based on the reports of Paik and Im [11] (Fig. 1). The an-
teroposterior and mediolateral trajectory variability were
measured as the standard deviation of anteroposterior
and mediolateral trajectory length of 10-gait cycles.

The patterns of vertical ground reaction force were
defined as: 1, irregular shape; 2, inverted V pattern; 3,
inverted U pattern; and 4, bimodal M pattern [15]. The
asymmetry of gait data, including temporal data, contact
area, contact pressure, and trajectory length, were calcu-
lated according to the following formula [16]:

V,

[(V non—paretic)/o'5(Vparetic+vnun—paretic)] X 100 (%)

paretic
Statistical analysis

Statistical analysis was performed using SPSS ver. 20.0
(IBM, Armonk, NY, USA). All measurements, except the
pattern of the vertical ground reaction force, were ana-
lyzed for the difference between the robotic-assisted
walking and unassisted walking using Wilcoxon signed-
rank test. The pattern of ground reaction force was com-
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pared using the Bowker symmetry test. The difference
was considered to significant at p<0.05.

RESULTS

Temporal data

The single-limb support time and the terminal double-
limb support time on the affected side were significantly
increased in robotic-assisted walking as compared to un-
assisted walking (p<0.01). Other temporal parameters did
not show a statistically significant difference. The initial
double-limb support time and the swing time on unaf-
fected limb were significantly increased in robotic-assist-
ed walking as compared to unassisted walking (p<0.01).
Other time parameters did not show a statistically signifi-
cant difference. Additional data is presented in Table 1.

Contact area and pressure
The contact area of midfoot and total foot on the af-

fected side were significantly increased in robotic-
assisted walking (p<0.01). However, the contact area
of forefoot and hindfoot on affected side did not show
statistically significant difference. Also, the contact pres-
sure of midfoot and total contact pressure of affected
limbs were also significantly increased in robotic-assisted
walking, as compared with unassisted walking (p<0.01).
Those of unaffected midfoot also significantly increased
in robotic-assisted walking (p<0.05). Other contact area
and pressures did not show statistical significance. The
peak pressure on the unaffected side were significantly
increased in robotic-assisted walking than in unassisted
walking (p<0.01), but that of affected side were not. The
details of contact area and pressure and peak pressure
during both conditions of walking are shown in Table 2.

Trajectory
The anteroposterior, mediolateral, and total trajectory
length did not show statistically significant differences

Table 1. Comparison of temporal data between robotic-assisted walking and unassisted walking (unit, second)

Affected Unaffected
Parameter N . . 2 2 5
Robotic-assisted Unassisted Robotic-assisted Unassisted
Stance phase 2.30+0.89 1.21+£0.36 2.06x0.54 1.35+£0.42
Initial double-limb support 0.48+0.34 0.34+0.30 0.67+0.48** 0.23£0.12
Single-limb support 1.16£0.37** 0.62+0.16 0.92+0.51 0.77+0.28
Terminal double-limb support 0.64£0.48** 0.24+0.13 0.47%0.35 0.35%0.30
Swing phase 0.94+0.51 0.77£0.26 1.16+0.37** 0.62+0.17

Values are presented as meantstandard deviation.
*p<0.05, **p<0.01.

Table 2. Comparison of contact area and pressure between robotic-assisted walking and unassisted walking

Peak pressure (10’ kPa)

226.24+138.93

171.61+76.23

306.45+£150.05**

. Affected Unaffected
Parameter Site
Robotic-assisted Unassisted Robotic-assisted Unassisted
Contact area (cm?) Forefoot 26.34+15.17 23.78+11.87 29.27+11.52 28.32+13.49
Midfoot 48.15+16.88** 35.37£15.60 44.35+14.56 41.25+£15.94
Hindfoot 28.35+11.57 20.78+12.79 29.731+9.24 30.04+9.25
Total 102.81+36.77** 79.93+£32.50 103.35+23.33 99.62+32.03
Contact pressure (10° kPa) Forefoot 49.26+48.97 50.20+48.22 86.92169.98 79.141+67.74
Midfoot 98.06+58.90** 63.08+29.53 93.73+38.65* 75.72+33.10
Hindfoot 62.83+46.60 34.56+£25.87 90.71+£91.14 73.65+£64.28
Total 210.15+133.05*  147.84+77.27 271.35+135.02**  228.51+125.77

266.82+138.93

Values are presented as meantstandard deviation.
*p<0.05, **p<0.01.
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Table 3. Comparison of trajectory length and variability, number of back movement and vertical ground reaction force
pattern between robotic-assisted walking and unassisted walking (unit, cm)

Affected Unaffected
Parameter
Robotic-assisted Unassisted Robotic-assisted Unassisted
Trajectory length
Anteroposterior 8.48+3.01 6.92+3.33 11.21+2.99 12.2613.74
Mediolateral 1.72+0.44 1.78+0.54 1.89+0.44 2.00£0.70
Total 8.56+2.96 7.13+3.24 11.33+2.99 12.39+3.76
Variability 0.84+0.88 1.01+0.84
Anteroposterior 0.31£0.14** 0.96%0.36 0.22+0.10 0.29£0.19
Mediolateral 0.15+0.08* 0.29+0.16 3.51+2.38* 2.17+1.08
Number of back movement 3.59+1.66 3.47+1.64 1.89+0.44 2.00+0.70
GRFP (1:2:3:4) 9:5:1:0 12:2:1:0 8:3:4:0 4:8:2:1

Values are presented as meantstandard deviation.
GRFP, ground reaction force pattern.
*p<0.05, **p<0.01.

Table 4. Asymmetric index of robotic-assisted walking
condition and unassisted walking condition

Parameter Robotic assisted Unassisted
Stance time 0.13+0.50* —-0.57£1.45
Swing time —0.57+1.45* 0.40%0.83
Contact area -5.84+27.74* —25.21420.35
Contact pressure —36.54+66.52 —43.27+46.59
AP trajectory -30.29£41.40 -58.98+52.78
ML trajectory —8.78+41.15 —8.51+51.55
Total trajectory -30.48+40.94 —55.79%49.25

Values are presented as meantstandard deviation.
AP, anteroposterior; ML, mediolateral.
*p<0.05.

between the two walking conditions regardless of the
limb side. However, the variability of anteroposterior and
mediolateral trajectory on the affected side was signifi-
cantly improved in robotic-assisted walking as compared
to unassisted walking (p<0.05). The pattern of the verti-
cal ground reaction force also did not show a statistically
significant difference between the two walking condi-
tions. The frequency of back movement of the unaffected
side showed a statistically significant increase in robotic-
assisted walking as compared to unassisted walking
(p<0.05). However, the frequency of back movement on
the affected side did not show a statistically significant
difference. Additional data is presented in Table 3.

Gait asymmetry

In robotic-assisted walking, the asymmetric index of
contact area, stance time, and swing time between the
two lower limbs were significantly improved as compared
with unassisted walking (p<0.05). Those of contact pres-
sure and trajectory length did not show a statistically sig-
nificant difference (Table 4).

DISCUSSION

This is the first study that investigated whether robotic-
assisted gait trainers, guided through normal symmetri-
cal hip and knee physiological kinematic trajectories,
resulted in symmetric, physiological functions of ankle.
The results of this study indicated that robotic-assisted
gait training may improve the gait symmetry and stabil-
ity, but the ankle rocker function did not.

In overground walking, the contact pressure and area
of the affected side in hemiplegic patients with stroke are
markedly decreased as compared with those of the unaf-
fected side. Hence, the asymmetry of the contact pres-
sure and area was observed [17]. The abnormal muscle
activity, abnormal posture and disturbance of sense
made patients with hemiplegia load their weight distri-
bution to the unaffected legs [18-20]. The asymmetrical
weight-bearing of the patients continued during their
walking as well as standing, which resulted in asymmet-
ric and inefficient gait and increased risk of falling [20,21].
In this regard, Brunt et al. [22] reported on the correla-
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tion between weight-bearing capacity and the power to
initiate walk to emphasize the treatment for symmetrical
weight-bearing. Similarly, symmetrical walking after
stroke was an important indicator for restoration [23]. In
our study, the asymmetry of contact area, with increased
contact area and pressures of midfoot and total foot, was
improved during robotic-assisted walking as compared
with unassisted walking. These findings indicate that
robotic-assisted walking may improve the gait though
symmetric weight distribution of the robotic-assisted gait
trainer. There is improved stability on the affected side
during walking through the firm instrumented shank and
thigh cuffs. The effects of foot-strap can fix the dynamic
equinovarus deformity during walking. It may be helpful
for providing sufficient sensory stimulation on post-stoke
hemiplegic patients’ feet.

Moreover, the asymmetric pattern of stance time and
swing time were markedly improved during robotic-
assisted walking gait in this study. These findings support
that the robotic-assisted walking gait can help the post-
stroke hemiplegic victims to have more symmetric gait
patterns. Miyai et al. [24] reported that the locomotor
recovery after stroke was associated with improvement
of asymmetry in primary sensorimotor cortex activation
and enhancement of premotor cortex activation in the
affected hemisphere. Therefore, robotic-assisted walking
gait training may be considered to have a positive influ-
ence on neuroplasty after a stroke. However, the midfoot
pressure of the unaffected side was also elevated. It was
expected that the foot-straps contacted and pressured
the subjects’ feet regardless of the involved side, despite
the zero-calibration to minimize the effects of foot-strap
pressure. However, such may not be considered as the
main effect for the change of feet contact area and pres-
sure, as the asymmetry of contact area was also improved
and the foot-strap had the same pressure on both feet
regardless of the involved side.

Many researchers have reported that the stance time
and single-limb supporting time are shorter in post-
stroke hemiplegic patients as compared with normal
healthy persons [5,7,8,16]. In this study, the stance time
on the affected side (especially, the single-limb support-
ing time) was significantly increased. The swing time
on the unaffected side was also significantly increased
during robotic-assisted walking. These findings are in
agreement with previous reports that the robotic-assisted
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walking gait increased the duration of single-limb sup-
port on the paretic leg [25]. We thought that the robotic-
assisted gait orthosis may produce stability on the single-
limb supporting time for the affected side.

Human walking appears to be passively unstable, re-
quiring active feedback control for stability [26]. The
stability during walking is more disturbed in post-stroke
hemiplegic patients [17]. In this study, the variability of
anteroposterior and mediolateal trajectory on the af-
fected side was significantly decreased during robotic-
assisted walking as compared to the control walking
conditions. Increased variability was shown in hemiple-
gic patients. Such findings indicate that robotic-assisted
walking gait may help the affected leg to be more stable
in walking. It is consistent with the reports of Donelan
et al. [26], where the external lateral stabilization using
springs that pulled bilaterally from the waist resulted in
a decrease of the variability in the step-width and a de-
crease in the metabolic cost.

Typically, the trajectory length is shorter and the fre-
quency of back movement higher on the affected side
during walking in post-stroke patients [27]. Previous
studies have reported not only that the Lokomat robotic
orthosis guided a subject through a symmetric physi-
ological gait pattern as they walked on a treadmill with or
without bodyweight support [5,28], but that the vertical
ground reaction force during robotic-assisted walking
was also similar to that of normal healthy persons [8].
However, our results did not support the opinion that the
robotic-assisted walking could induce the physiologic
ankle rocker function. In this study, the anteroposterior
trajectory length and the frequency of back movement on
the affected side during robotic-assisted walking were not
improved as compared with unassisted walking. In addi-
tion, the pattern of the vertical ground reaction force also
showed no statistically significant difference between ro-
botic-assisted walking and unassisted conditions. These
findings are consistent with the reports of Neckel et al. [8],
where the ankle range of motion on the impaired limb
was decreased. The peak ankle plantarflexion at push-off
was particularly decreased during robotic-assisted walk-
ing. Since the Lokomat does not drive the ankle directly,
passive foot-straps were applied to the impaired ankle.
As such, assisting ankle dorsiflexion may limit the extent
of ankle plantarflexion. It can therefore be inferred that
the insufficient third ankle rocker could not make the tra-
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jectory longer during robotic-assisted walking. Another
possible reason can be found for the reports of Gottschall
and Kram [29] that the bodyweight support during walk-
ing may alter the muscular work for propulsion. They
reported that the bodyweight supporting during walking
decreased the mean EMG of the medial gastrocnemius
during the propulsive phase. Moreover, our findings
are consistent with previous reports that lower extrem-
ity muscle activity [30,31], acceleration patterns of the
lower limbs [32] and joint movements [8,9] produced by
participants are altered in robotic-assisted walking, as
compared with normal human walking. Based on our
findings, it can be speculated that robotic-assisted walk-
ing cannot fix stereotypical abnormal motor behaviors in
the lower extremities of post-stroke hemiplegic patients.
As reported by Perry [33], maintaining the asymmetrical
walking pattern as a compensation for patients whose
forward movement cannot completely be controlled may
have negative effect in improving a more physiological
gait pattern in post-stroke hemiplegic patients.

This study has limiting factors. As the patients showed
variable, abnormal gait patterns, we could not assess
whether our findings were influenced by gait patterns.
Another is the effect of foot-strap on our findings dur-
ing the robotic-assisted walking. The unavoidable foot-
strap may influence the plantar pressure during robotic-
assisted walking. We calibrated to minimize the effects
of foot-straps, but we could not completely exclude their
possible effects.

In conclusion, our findings suggest that robotic-assist-
ed gait orthosis (Lokomat) may improve the gait stability
and symmetry, but not the ankle rocker function. It may
be helpful to predict and understand the outcomes after
robotic-assisted gait training in clinical settings. Further
studies are warranted to examine whether long-term
training with devices such as the Lokomat are effective in
improving the gait patterns and walking ability in hemi-
paretic stroke subjects.
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