
  

 

Abstract— We investigated the possible aftereffects on the 

locomotor pattern of treadmill walking after walking with the 

assistance of a robot suit HAL in nine healthy subjects. After 

walking on a treadmill at a speed of 3.5 km/h for 180 s as a 

pre-condition, each subject walked with robotic assistance to the 

hip and knee joints of both legs at the same speed for 600 s. The 

subjects performed normal walking for 300 s as a post-condition 

after the assisted walking. Compared with normal walking in the 

pre-condition, gait cycle duration and step length increased 

significantly during the assisted walking period. The increased 

gait cycle duration and step length during the assisted walking 

period returned to that of the pre-condition period soon after the 

start of the post-condition. In contrast, the range of motion 

(ROM) within one step cycle during the initial 60 s of the 

post-condition period gradually increased in the hip joint, but 

not in the knee joint. Compared with the mean hip ROM in the 

initial 10 s of the post-condition, significant increases in mean 

ROM every 10 s were observed in 4 phases of 20–60 s each in the 

right leg and in 3 phases of 20–50 s each in the left leg. Although 

strong aftereffects of the robotic assistance on the locomotor 

pattern were not observed in the present study, small adaptive 

changes were seen only in hip ROM during the initial normal 

walking phase immediately after assisted walking. 

I. INTRODUCTION 

Recent developments in robotic engineering have resulted 
in robotic devices to provide locomotor training of patients 
with locomotor disorders and walking assistance for the 
elderly and individuals with disabilities. Typical gait devices 
for locomotor training are Lokomat (Hocoma, Volketswil, 
Switzerland) [1] and Gait Trainer GT I (Reha-Stim, Berlin, 
Germany) [2]. Clinical studies using these devices have been 
conducted to clarify the effectiveness of rehabilitation robots 
in locomotor recovery in patients with stroke or spinal cord 
injury [3, 4]. As an exoskeletal assistive devices for walking, 
robot suit HAL (Cyberdyne, Ibaraki, Japan) [5] is 
well-known. 
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To date, mechanisms of motor control and motor learning 
have been also examined using robotic devices [6, 7]. For 
example, when subjects execute target reaching with a robotic 
arm that applies a force perturbation to their movement, the 
reaching movement is initially perturbed by the applied force. 
Through repetitions of this reaching task, the trajectories of 
target reaching gradually straighten. After this adaptation to 
the novel situation, trajectories show mirror-image 
aftereffects when the force perturbation is unexpectedly 
removed. The aftereffects that result from the adaptation have 
been interpreted as evidence that the central nervous system 
forms a new internal model of body dynamics and force field.  

Regarding adaptation during locomotion, studies using a 
split-belt treadmill with different right and left leg speeds have 
been extensively conducted by Bastian’s group [8-12]. The 
subjects needed to adapt to the different speeds of the 
split-belt where one leg was made to walk faster than the other. 
The subjects immediately reacted to the speed perturbations 
by independently scaling their stance and swing times of each 
leg. When their legs returned to walking at the same speed, 
this interlimb adaptation induced aftereffects, resulting in 
walking asymmetry. 

Other types of locomotor adaptation have been reported in 
a condition applying a robotic torque that resists locomotor 
movement in the hip and knee joints [13]. Locomotor 
adaptation to the assistive force using a powered ankle-foot 
orthosis has also been examined [14, 15], but it remains 
unclear whether aftereffects are observed in normal walking 
immediately after assisted walking using an exoskeletal robot 
that provides assistance to the hip and knee joints in the same 
manner as locomotor rehabilitation. Because less voluntary 
drive might be required during assisted walking, the step 
length and range of motion (ROM) in the joints of the lower 
limb during walking after assisted walking may decrease 
compared with those before assisted walking. If strong 
adaptation to the locomotor pattern is induced by 
robotic-assisted walking, the adaptive changes in the 
locomotor pattern would pose a fall risk. Therefore, the 
purpose of this study was to clarify the aftereffects of robotic 
assistance during walking by examining changes in the 
locomotor pattern after assisted walking by a robot suit HAL 
in healthy subjects. For safety reasons, the first pilot study was 
done in healthy subjects instead of individuals with locomotor 
impairment. 

II. METHODS 

A. Subjects 

Nine healthy male subjects with no history of 
neuromuscular disorders participated in this study. The study 
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was conducted with ethical approval from the local ethics 
committee. Each subject provided informed consent for the 
experimental procedures as required by the Declaration of 
Helsinki. 

B. Experimental procedure 

A treadmill speed of 3.5 km/h was used for all walking 
conditions. The subjects were instructed to gaze at a point on a 
wall and to hold lightly onto the side rails of the treadmill 
system. Each subject first walked on the treadmill for 180 s as 
a pre-condition (Fig. 1). After the pre-condition period, the 
subject wore the robot suit HAL and performed 
robotic-assisted walking for 600 s (assisted condition). 
Robotic assistance was continuously applied to the hip and 
knee joints of both legs during walking. Immediately after the 
assisted condition, the subject removed the HAL and walked 
normally on the treadmill for 300 s (post-condition). In all 
conditions, time measurements were started after a constant 
treadmill speed of 3.5 km/h was reached. 

Figure 1.  Experimental protocol. 

The HAL used in this study is a computer-controlled 
exoskeletal device. A detailed description of the HAL design 
and control system can be found elsewhere [5]. In brief, the 
exoskeletal frame was secured to the subject at the pelvis and 
at the lower limbs using cuffs. The joints of the HAL frame 
were aligned to the subject’s joints. Direct current motors with 
harmonic drive systems in the exoskeletal frame generated 
assistive torque at the hip and knee joints. The amount and 
timing of the assistive torque provided to each joint for 
walking were derived from surface electromyogram signals in 
the flexor and extensor muscles of the hip and knee, as well as 
from signals of pressure sensors embedded in special shoes 
worn by the subjects. 

C. Data measurements 

Five passive reflective markers in each leg attached over 
the body landmarks on the fifth metatarsal, lateral malleolus, 
lateral femoral condyle, greater trochanter, and shoulder were 
used to enable 3-dimensional motion analysis of the lower 
limb during treadmill walking. The markers were recorded 
using 4 digital cameras, and the 3-dimensional coordinates of 
the markers were calculated by a motion analysis system 
(Frame-DIAS IV, DKH, Tokyo, Japan) using direct linear 
transformation. The sampling frequency was 60 Hz. The 
reconstructed coordinate data were smoothed at a cutoff 
frequency of 6 Hz, using a Butterworth low-pass filter.  

D. Data analysis and statistics 

Gait cycle, step length, and joint angles of the hip, knee, 
and ankle were obtained from the coordinate data of the 
markers to investigate changes in the locomotor pattern. 
Instances of foot contact and foot off were determined from a 

trajectory of the fifth metatarsal marker in the sagittal plane. 
The duration of time from foot contact of the right leg to 
reoccurrence of the same event with the same leg was 
computed to determine the gait cycle. The distance between 
the fifth metatarsal markers of the right and left legs at the 
instant of foot contact was measured to determine step length, 
i.e., the step length of the left leg was the distance from the 
right fifth metatarsal marker to the left fifth metatarsal marker 
at the instant of left foot contact. The ROM of the 3 joint 
angles, based on the maximum flexion and extension angles in 
the sagittal plane throughout a single gait cycle, was 
calculated to analyze the joint angle during walking. 
Unfortunately, because the markers on the lateral malleolus, 
lateral femoral condyle, and greater trochanter were invisible 
in the present camera setting (2 cameras to 1 leg) because of 
the HAL’s exoskeletal frame, the joint angles could not be 
obtained in the assisted condition. 

In the pre-condition, these parameters were analyzed in 10 
gait cycles from 30 s before the end of the measurement as a 
baseline measurement (Fig. 1). In the assisted condition and 
post-condition, 10 gait cycles from 15 s after the start of the 
measurement, 10 gait cycles from the mid-period (assisted 
condition: 300 s after the start of recording; post-condition: 
150 s after the start of recording), and 10 gait cycles from 30 s 
before the end of the measurement were analyzed as the early, 
mid, and late phases, respectively (Fig. 1). Furthermore, for 
detailed analysis, all gait cycles for 60 s from the start of 
recording in the post-condition were analyzed, and the mean 
values for each 10-s increment from the start to 60 s were 
obtained. The mean data of each 10-s increment were 
normalized to mean values for baseline measurements in the 
pre-condition. 

All data are shown as mean ± SD. One-way repeated 
measures analysis of variance (ANOVA) was used to evaluate 
significant differences between the conditions. When the 
assumption of sphericity by Mauchly’s test was violated, 
Greenhouse-Geisser adjustments were applied to adjust the 
degrees of freedom. When statistical significance was found 
by ANOVA, post-hoc multiple comparisons were made using 
Dunnett’s test to identify the significant differences between 
baseline of the pre-condition and 3 phases of the assisted 
condition and post-condition. For the data from 60 s in the 
post-condition, Tukey’s post-hoc comparisons were used for 
the ROM data. The significance level was set at P < 0.05. 

III. RESULTS 

Fig. 2 shows the mean data for the duration of gait cycle 
and the step length of each leg in the pre-condition and the 3 
phases of the assisted condition and post-condition. The 
results from one-way ANOVAs showed significant 
differences for the gait cycle and step length. The post-hoc test 
showed that the gait cycle in the 3 different phases of the 
assisted condition was significantly longer than in the 
pre-condition (P < 0.001). In the assisted condition, gait cycle 
duration in the early phase had already increased to a level 
similar to that in the mid and late phases. The gait cycle 
duration in the early phase of the post-condition was shorter 
than that in the other 2 phases, but a significant difference was 
not observed between baseline in the pre-condition and the 3 
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phases of the post-condition. Similarly, the step length in both 
legs during the assisted condition was significantly longer 
than that during the pre-condition (P < 0.001; Fig. 2). The step 
length in the assisted condition increased by approximately 
0.06 m compared with the pre-condition, whereas that in the 
post-condition did not differ from that in the pre-condition.  

Figure 2.  Mean gait cycle and step length of both legs in the pre-condition, 

assisted condition, and post-condition. *** P < 0.001 compared with the 

baseline data of the pre-condition (black asterisks: right leg, gray asterisks: 

left leg [right figure]). 

Mean ROM measurements in 1 gait cycle at baseline and 
at the 3 different phases of the post-condition are shown in Fig. 
3. Because the reflective markers were hidden by the 
exoskeletal frame, the joint angles could not be derived during 
the assisted condition. Among the 3 phases of the 
post-condition, the hip ROM of both legs tended to be smaller 
in the early phase than in the other phases, but the difference 
was not significant. The results of one-way ANOVA for knee 
and ankle ROM also showed no significant differences. 

Figure 3.  Mean range of motion (ROM) of the hip, knee, and ankle joint 

angles in the pre-conditon and post-condition. 

In detailed analysis of the initial 60 s of the post-condition, 
some subjects showed gradual changes in hip ROM. Two 
typical examples of changes in hip and knee ROM for the first 
60 s in the post-condition are indicated in Fig. 4. In subject 1 
(left panels in Fig. 4), the hip ROM in the right and left legs 
increased progressively from the start to approximately 40 s. 
In contrast, the knee ROM remained unchanged for the first 
minute. In subject 2 (right panels in Fig. 4), the hip ROM was 
extended for approximately 20 s, but the knee ROM remained 
unchanged. 

Fig. 5 shows the mean hip and knee ROM measurements 
for the first 60 s of the post-condition in all subjects, which 
was normalized to mean ROM at baseline in the pre-condition. 
The values were averaged every 10 s. Significant differences 
were observed in the 10-s intervals during the initial 60 s for 
the mean hip ROM in the right and left legs. The right hip 
ROM in the 4 phases of 20–60 s was significantly greater than 

that in the initial 10 s. The left hip ROM in the 3 phases of 
20–50 s increased significantly compared with that in the 
initial 10 s. No significant differences in hip ROM were 
observed between the other phases within the initial 60 s. In 
contrast, significant changes in knee ROM of both legs were 
not observed in the initial 60 s of the post-condition. Thus, hip 
ROM increased gradually in the initial phase of the 
post-condition, whereas knee ROM remained unchanged. 

Figure 4.  Two examples of changes in hip and knee range of motion (ROM) 

for the initial 60 s in the post-condition. 

Figure 5.  Mean hip and knee range of motion (ROM) of both legs at each 

10-s interval within the initial 60 s of the post-condition. ROM was 

normalized to that at baseline in the pre-condition. * P < 0.05, ** P < 0.01 

compared with the data at the initial 10 s (black asterisks: right leg, gray 

asterisks: left leg). 

IV. DISCUSSION 

In the present study, at the same treadmill speed, the gait 
cycle duration and step length increased during the 
robotic-assisted walking using a robot suit HAL compared 
with non-assisted normal walking. The marker trajectory of 
the fifth metatarsal in the sagittal plane also differed greatly 
between walking conditions with and without the HAL. Thus, 
the locomotor pattern changed markedly because of the 
robotic assistance. As shown in Fig. 2, no obvious changes in 
gait cycle duration and step length were observed during 
assisted walking. Therefore, it appears that changes in the 
locomotor pattern to a novel walking situation with robotic 
assistance occurred within a short amount of time. The HAL 
can provide assistive torque to the hip and knee joints 
according to electromyographic activities in the lower limb 
muscles [16]. It is assumed that additional torque due to 
robotic assistance and biomechanical constraint due to the 
attachment of the exoskeleton caused the changes in the 
locomotor pattern. 
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The hypothesis of the present study was that aftereffects in 
the locomotor pattern would occur during normal walking 
performed immediately after robotic-assisted walking because 
the locomotor pattern and strength of voluntary drive might be 
changed during the period of assisted walking. However, gait 
cycle duration and step length, even in the early phase of the 
post-condition after assisted walking, were not significantly 
different from those at baseline (Fig. 2). Moreover, the mean 
ROM in the early post-condition phase did not differ from that 
at baseline (Fig. 3). Thus, it seems that the aftereffects were 
not observed in these parameters within 10 gait cycles from 15 
s after the start of the post-condition. Compared with the 
previous studies using a split-belt treadmill that showed clear 
aftereffects in locomotor pattern [8, 10], the subjects in the 
present study did not appear to need strong voluntary 
coordination to adapt to the novel locomotor condition 
because the robotic torque was assisting each joint during 
walking. In addition, the subjects could recognize no robotic 
assistance in the post-condition owing to the removal of the 
HAL. These factors might limit the occurrence of aftereffects 
from assisted walking. 

However, the hip ROM tended to gradually increase 
during the initial 60 s of the post-condition (Figs. 4 and 5). 
Because the time was started after a constant treadmill speed 
was attained, the ROM changes were not caused by gradual 
increases in treadmill speed. The hip flexion torque during the 
swing phase and the hip extension torque during the stance 
phase by HAL could have been associated with the changes in 
hip ROM during the initial post-condition phase. The subjects 
seemed to gradually de-adapt to the effects of the robotic 
assistance by detecting the resulting error, the difference 
between the predicted movement outcome and the observed 
movement outcome. This type of error learning of an internal 
model is thought to occur in the cerebellum [17, 18]. Indeed, 
damage to the cerebellum has been reported to impair the 
adaptation process by decreasing trial-by-trial improvements 
during adaptation to a new demand and diminishing the stored 
aftereffect upon demand removal [9]. In contrast to the hip 
ROM, the knee ROM in the post-condition remained 
unchanged for 60 s. The aftereffects in the present study were 
specific to the hip joint. This observation may mean that the 
modification of the voluntary drive in response to the robotic 
assistance was concerned with the hip joint rather than the 
knee joint. 

In the present study, clear aftereffects during walking 
performed after assisted walking did not occur in all subjects. 
However, given that small adaptive changes in hip ROM were 
observed in the initial post-condition phase, stronger 
adaptation might be induced by longer assistance duration and 
greater assistive torque. Moreover, it is possible that the extent 
of the effects due to robotic assistance in the elderly and 
individuals with disabilities may differ from that in healthy 
individuals. Therefore, further study is needed to clarify the 
aftereffects due to assistance from a rehabilitation robot. 
Quantitative assessment of the extent to which voluntary force 
production decreases during assisted walking by measuring 
muscle activity in the lower limb also appears necessary. In 
addition, the changes in the joint angles of the lower limb 
should be investigated during assisted walking. To better 
assist with locomotion, it is imperative to determine how 

humans respond to mechanical assistance from a robotic 
device. It is hoped that accumulating research results 
concerning locomotor adaptation from robotic devices will 
lead to the development of safer robotic devices and more 
effective locomotor training programs. 
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