www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Gait Training of Healthy Older
Adults in a Sitting Position using
the Wearable Robot to Assist
Arm-swing Rhythm, WALK-MATE
ROBOT

Taiki Ogata'™’, Boming Wen?, Ruging Ye! & Yoshihiro Miyake*

Although various walking training robots have been developed and their effectiveness has been
recognised, operating these robots requires the implementation of safety measures to avoid the risk
of falling. This study aimed to confirm whether arm swing rhythm training in the sitting position using
an arm swing rhythm-assisted robot, WMR, improved subsequent walking. Healthy older adults (N

= 20) performed arm swing rhythm training in a sitting position for 1 min x three times while being
presented with tactile stimulation synchronised with the arm swing rhythm from a robot. An increase
in walking performance was observed with increases in stride length and speed. In addition, the
stabilisation of the gait pattern was observed, with a decrease in the proportion of the double-foot
support phase and an increase in the proportion of the swing phase in one gait cycle. These results
suggest that arm swing rhythm training in a sitting position using WMR improves gait in older adults.
This will lead to the realisation of safe and low-cost robot-based walking training in sitting position.

The decline in walking ability due to aging or disease significantly reduces quality of life. Therefore, many walking
training robots have been developed to maintain or improve the walking ability! . Most of these are power-
assisted robots that use actuators to lift the lower limbs while walking. Such power-assisted robots have been
confirmed to improve the gait of people whose walking ability have decreased owing to various factors, including
healthy older adults, and patients with stroke and Parkinson’s disease. However, walking with assistance from
a robot poses the risk of falling. Therefore, in the actual use of robots, it is necessary to secure safety personnel
to prevent falls and/or use other equipment such as load release devices, which makes the robot system huge
and complex. This increases the operational cost of walking training using robots. To overcome this problem,
this study proposed gait training in a sitting position using the WALK-MATE ROBOT (WMR)”%, a robot we
developed to improve gait by assisting the arm swing rhythm while walking.

WMR was developed by focusing on the role of rhythm synchronisation and arm swinging in walking. First,
walking synchronised with auditory rhythmic cues (RAS) improves the gait of older adults and patients with
neurological disorders®!°. For example, walking while listening to a metronomic sound at a constant tempo adjusts
the walking rhythm and increases the walking speed and stride length. Miyake et al. developed an interactive
auditory stimulation system called the WALK-MATE system, which presents auditory cues synchronised with
a persons gait''~!*. For example, interactive auditory stimulation reduces asymmetry in patients with gait
dysfunction or stroke!. Hove et al. investigated the effect of interactive auditory stimulation on the patients with
PD from the viewpoint of fractal scaling of stride time'>. The distribution of stride times in healthy walking is
not random, but includes a 1/f structure, which is a fractal-like long-term correlation!®. The low fractal scaling of
stride times in the gait of older people!” and PD'® patients could increase the risk of falling!”. Hove et al. revealed
that the WALK-MATE system improved the 1/f structure of stride times in the gate of patients with PD, but the
RAS did not'. Second, proper arm swing is essential for a healthy gait'® because it strongly affects the driving
legs during gait?®2!. Previous studies revealed that periodic arm movements increased the muscle activity of the
lower limbs during gait via interlimb coordination?*?2-% and strengthening of the arm swing led to an increased
step length and walking speed?. Additionally, arm swinging is related to centre-of-mass movement reduction,
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torso rotational stability, and reduced energy expenditure during walking!®?’-?°. Furthermore, arm swinging
enhances the coordination between the shoulder and hip motion, increasing the step length®.

Based on the effectiveness of the synchronised rhythmic stimuli and arm swing in gait training, the WMR
presents tactile stimuli synchronised with the arm swing rhythm on the upper arms”®. When walking while
receiving synchronised tactile stimuli from a WMR, the hip swing angle of healthy older people increased”. Kishi
et al. revealed that the rhythmic assistance of WMR increased the stride length and velocity and decreased the
variability of stride time in the gait of patients with PD increased by the rhythmic assistance of WMR®. Further,
these effects continued even when walking after the patients removed the WMR, which showed the after effects
of synchronised tactile stimuli on the upper limbs on gait. Recently, Noghani et al. demonstrated that vibrotactile
stimulation applied to the upper arm in synchronization with arm and leg swings during gait reduced stride time
variability among young healthy adults®!. These findings suggest that synchronised rhythmic tactile stimuli to
the upper arms can improve gait patterns.

Since the WMR exhibits rhythmic tactile stimulation, they use a motor with a smaller torque than power-
assisted robots”®. Although this method has a lower risk of falling than the direct application of torque to
the legs, safety measures are necessary for walking while wearing the robot. Thus, this study proposed gait
training in which people first train their arm swing rhythm in the sitting position using the WMR, resulting
in improved gait after removing the WMR. The rhythmic muscle activation of the limbs in arm and leg swings
during walking is controlled by neural networks in the spine called central pattern generators (CPGs) with
instructions from the central nervous system>>33. Arm and leg swings are controlled by different CPGs (cervical
and lumbar generators, respectively), and coordination between the upper and lower limbs is achieved through
the mutual connection of these CPGs, through which the arm swing is considered to affect leg movement during
gait®*~%°. Additionally, using EMG measurements, Klimstra et al. found the same basic rhythmic pattern in
arm movement when swinging arms while walking and when swinging arms, suggesting that the same neural
mechanisms could be involved in arm swinging in both cases*. Therefore, we assumed that by training the arm
swing rhythm with the WMR while sitting, it would be possible to improve subsequent gait. The purpose of this
study was to investigate whether arm swing rhythm training using WMR in the sitting position improves the
gait of elderly people.

Results

Twenty healthy older adults participated in this experiment. The training procedure was as follows. First, the
participants walked twice along a flat 50 m corridor. After a short break, they walked along the corridor again
to measure their gait performance and pattern at baseline (precondition). Subsequently, they wore the WMR
(Fig. 1) and carried out the training arm-swing rhythm with the robot in a sitting position for one minute. After
training, they removed the robot and walked along the corridor to measure their gait performance and patterns.
The process was repeated three times (Post1, Post2, and Post3).

We measured stride length, stride speed, and stride period, which are indicators of gait performance, as
indicators of gait improvement by training the arm swing rhythm in the sitting position. The gait performance of
older adults is lower than that of young people®*-4!. Older adults’ gait is characterised by a shorter stride length,
lower speed, and lower cadence®®. Additionally, the ratio of the time of the double-foot support and swing phases
to one gait cycle was measured. The ratio of the swing and stance phases to one gait cycle is an index of gait
stability®?~*°. In the swing phase, the forward movement of the lower limbs occurs, while the foot support phase
maintains the stability and forward progression of the trunk and lower limbs. Older people with poor elasticity
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Fig. 1. WALK-MATE ROBOT consisted of three modules: control, actuator, and power. The control module
synchronised the robot’s rhythm to the human’s arm-swing rhythm using the arm-swing angular measured
by the encoders. The actuator module presented the rhythmic tactile stimuli on the left and right upper arms
of the participants based on the robot rhythm synchronised to the arm-swing rhythm. The power module
included the battery. The participants trained their arm-swing rhythm using WMR in the sitting position. The
robot presented the rhythmic tactile stimuli while the participants swung their left and right arms backwards.
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Index Pre Post1 Post2 Post3

Gait performance

Stride length (m) 1.23£0.12 1.26 £0.11 1.29 £0.11 1.29 £0.12
Stride speed (m/s) 1.18 £ 0.15 1.224+0.15 1.26 £ 0.13 1.26 £ 0.14
Stride period (s) 1.06 £ 0.10 1.04£0.10 1.03 £ 0.10 1.04£0.11
Gait pattern

Ratio of double support time | (0.234 & 0.064 | 0.235 £ 0.072 | 0.216 £ 0.049 | 0.219 £ 0.055
Ratio of swing phase (left) | 0.390 = 0.018 | 0.393 4= 0.017 | 0.396 £ 0.015 | 0.396 = 0.019
Ratio of swing phase (right) | (0.392 & 0.017 | 0.395 £ 0.017 | 0.400 £ 0.017 | 0.400 £ 0.020

Table 1. The means and standard deviations of gait performance and pattern between the participants.
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Fig. 2. Results of gait performances at each condition. (A) The stride length. (B) The stride speed. (C) The
stride period. *, **, and *** depict p < 0.05, p < 0.01, and p < 0.001, respectively. The error bars show the
standard deviations between the participants.

and stiff spines walk cautiously to remain stable, during which the foot support phase increases and the swing
phase decreases?®?7,

Gait performance

Table 1 and Fig. 2 shows the results of gait performance. As seen in Fig. 2A, the average stride length increased
after the training. The mean stride lengths in the Post1, Post2, and Post3 conditions were significantly larger than
those in the Pre-condition (p = 0.018, p < 0.001, and p = 0.011, respectively). Additionally, the stride length in
the Post2 and Post3 conditions was significantly larger than that at Post1 condition (p < 0.001 and p = 0.016,
respectively). However, there was no significant difference between the Post2 and Post3 conditions (p = 0.812).
Thus, the stride length continued to increase from the pre-condition to the Post2 condition. The rate of increase
in the average stride length from the Pre condition to the Post3 condition was 6.8%.

Figure 2B shows the results for stride speed. In addition to the stride length, the stride speed seemed to
increase from the Pre condition to Post2 condition. Although there was no significant difference between the
pre- and Post1 conditions (p = 0, 126), the stride speeds in the Post2 and Post3 conditions were higher than those
in the Pre condition (p < 0.001 and p = 0.006, respectively). Furthermore, the stride speeds at Post2 and Post3
were higher than that at Postl (p < 0.001 and p = 0.005, respectively). However, we did not find a significant
difference for the stride speed between the Post2 and Post 3 (p = 0.812). Therefore, stride speed increased under
the Post2 and Post3 conditions compared to the Pre and Postl conditions. The average stride speed increased by
4.9% from the Pre condition to the Post3 condition.

The results of the stride period are shown in Fig. 2C. We found no significant differences in the stride period
among any of the conditions. The p values between the Pre- and Post1 to Post3 conditions were 0.570, 0.144, and
0.179, respectively. The values between the Post1 and Post2 conditions and the Post1 and Post3 conditions were
0.179 and 0.215, respectively. The p value between the Post2 and Post3 conditions was 0.622.

Gait pattern

Table 1 and Fig. 3 shows the results of the gait pattern. The ratio of the double foot support time (Fig. 3A) at the
Post2 condition was significantly smaller than those at the Pre- and Post1 conditions (p = 0.019 and p = 0.004,
respectively). Thus, the double support time in one gait cycle was relatively shortened after two training sessions
using the WMR in the sitting position. However, there were no significant differences between the Pre- and
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Fig. 3. Results of gait patterns for each condition. (A) The ratio of the double support phase. (B) The ratio of
the swing phase of the left leg. (C) The ratio of the swing phase of the right leg. * and ** depict p < 0.05 and
p < 0.01, respectively. The error bars show the standard deviations between the participants.

Post1/Post3 conditions (p = 0.799 and p = 0.053, respectively), or between the Post1/Post2 and Post3 conditions
(p = 0.102 and p = 0.598, respectively).

The ratio of the swing phase in the left leg (Fig. 3B) was significantly different between the Pre- and Post2/
Post3 conditions (p = 0.045 and p = 0.045, respectively). The ratio of the swing phase in the right leg (Fig.
3C) was significantly different between the Postl and Post2 conditions (p = 0.029). These results suggest that
the participants swung their legs for a longer period within one gait cycle after than before the training. No
significant differences were observed between the other conditions. For the left leg, the p values between the
Pre- and Postl, Postl and Post2/Post3, and Post2 and Post3 conditions were 0.605, 0.104, 0.059, and 0.841,
respectively. For the right leg, the values between the Pre and Post1/Post2/Post3, between the Postl and Post3,
and between the Post2 and Post3 conditions were 0.841, 0.165, 0.165, 0.165, and 0.841, respectively.

Discussion

The purpose of this study was to investigate whether arm swing rhythm training in a sitting position using
the WMR improves subsequent gait in healthy older adults. The participants performed one minute of seated
training with the WMR three times. Increases in stride length and velocity were observed after the sitting
training. Additionally, a decrease in the proportion of the double-foot support phase and an increase in the
proportion of the swing phase in a single cycle were observed. These results indicate that seated arm swing
training with WMR improves subsequent gait performance and patterns.

In the gait of healthy individuals, the left and right swing phases occupy 40 % of the gait cycle*® and the
double-foot support time occupies 20 % of the gait cycle?. Because of the multiple declines in physiological
body functions, aging shortens and lengthens the swing phase and foot support phase, respectively, to maintain
gait stability compared with healthy younger people®>*°. At baseline, our older individuals showed a shorter
swing phase and longer double-foot support phase than in healthy people. After seated training with the WMR,
the ratios of the left and right swing phases increased while the proportion of the double foot support phase
decreased. Thus, the ratio of the swing phase to the double foot support phase approached the average of healthy
people by training the arm swing rhythm with the WMR in the sitting position.

With improvements in gait performance, stride length and stride speed improved from baseline by seated
training of the arm-swing rhythm with the WMR. These improvements were observed from Postl to Post2.
However, the stride period showed no significant differences between the Pre- and Postl conditions. Previous
studies have reported that the change in stride speed is influenced mainly by the stride length rather than the
stride period®!. The preferred walking speed of healthy older adults in their seventh decade declines by 1 % per
year, owing to a decrease in stride length rather than cadence. Thus, the participants in this study had increased
stride speeds that decreased with age by increasing the stride length without changing the stride period.

The stride length, stride velocity, rate of double-feet support phase, and rate of swing phase improved from
baseline by seated training using the WRM, some of which improved from the Postl condition to the Post2
condition, but no significant differences were observed between the Post2 and Post3 conditions. The ceiling
effect could be one reason why no differences were observed between conditions. By training using the robot,
the left and right swing phase ratios and the double-foot support phase increased, which is the average for
healthy participants*®*°. These results suggest that arm swing rhythm training in a sitting position with the
robot had a sufficient effect on improving the gait of the participants. However, another reason could be that the
fatigue caused by training and gait measurements offset the improvement effect. Considering that the average
stride length of adults is approximately 1.40 m/s*?, there would still be room for improvement in the average
stride length of in the Post2 and Post3 conditions. Although we provided breaks during the experiment, and the
participants were free to take as many breaks as they wanted, fatigue from training and gait measurement may
still have created this margin. In future studies, the appropriate training duration and frequency in the sitting
position should be investigated.
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This study hypothesised that arm swing rhythm training in the sitting position would improve arm swing
rhythm in subsequent walking and that gait would be improved through the interaction of CPGs for the upper
and lower limbs. The CPG controls the upper and lower limbs separately and generates the overall walking
rhythm via coordination of the four limbs***. Additionally, upper-limb movement during gait affects lower-limb
movement, contributing to the stabilisation of walking?»?2-%¢. Furthermore, the CPG receives muscle activity
programs from the central nervous system (CNS)* and returns feedback to the CNS through somatosensation,
thereby generating a walking rhythm in cooperation with the CNS*%. Tactile stimulation by the WMR could
mediate this coordination between CPG and the CNS and influence gait after sitting training of the arm
swing rhythm. The coordinated movement of the leg and arm cycles during gait follows a 1:1 correspondence,
maintaining a certain phase relationship for healthy gait?®5%. For instance, backward arm swings contribute
to the activation of the soleus muscles for leg swinging'?. Thus, seated rhythmic arm swing training with WMR
could have modified the initiation timing and duration of the backward arm swing. This potentially increases the
swing phase duration and decreases the double leg support phase duration during walking.

However, this study did not directly confirm this hypothesis. In the future, the mechanism of gait improvement
by seated training of the arm swing rhythm using WMR should be investigated. First, it is necessary to clarify
how arm swing changes with training during sitting and subsequent walking activities. Additionally, to realise
effective seated training using the WMR, it is important to clarify how the changed arm swing improves the
movement of the legs and whole body during walking through interlimb coordination. Furthermore, it is
important to clarify how CPG is involved in improving gait using seated training with the WMR. This could
be explored by measuring the muscle activity patterns using electromyography (EMG). An important function
of the CPG is to generate cooperative activity patterns of the corresponding muscles for walking®®, which can
be estimated by measuring the spatiotemporal patterns of multiple muscle activities using EMG and synergy
analysis®”*®. The measurement of arm muscle activity patterns during arm swinging in a sitting position, as well
as upper and lower limb muscle activity patterns during subsequent walking, will help clarify the mechanism by
which arm swing rhythm training in a sitting position using WMR improves gait. Further, it is a limitation of this
study that we only compared gait before and after sitting training using the WMR. Studies should be conducted
with an appropriate control group, such as arm-waving training in a sitting position without a robot, or walking
training with a regular therapist.

Conclusions

This study aimed to clarify whether arm swing rhythm training in a sitting position using WMR, which presents
synchronised rhythms to the upper limbs, improves subsequent gait. By seated training for 1 min x three
times, walking performance was improved by increasing the stride length and stride speed. Additionally, an
improvement in the gait pattern was observed with a decrease in the proportion of the double-foot support
phases and an increase in the proportion of the swing phase in one gait cycle. These results suggest that arm
swing rhythm training in a sitting position using the WMR leads to improvement in gait. This will lead to the
establishment of a safe and low-cost walking training method that uses robots in a sitting position.

Methods

Participants

Twenty healthy older adults (10 females and 10 males) were recruited. The participants received renumeration
for their participation in the study. The average and standard deviation of the ages were 78.5 & 7.5 years. Their
height and weight were 163 £ 18 cm and 59.5 £ 20.5 kg, respectively. None of them currently suffered from
severe injuries or had a medical history that significantly affected their gait. This study was approved by the
Ethics Committee of the Tokyo Institute of Technology and was conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all participants.

WALK-MATE ROBOT

Hardware

The WMR (WALK-MATE LAB Co., Ltd., Japan) is a wearable device equipped with actuator, control, and power
modules, which weighed 4.6 kg® (Fig. 1). The actuator module comprises two motors (DC brushless motors, DR-
4316-X14B00421, ShinanoKenshi, Nagano, Japan) mounted on the left and right shoulder boxes and connected
to frames. The motor torque for presenting the tactile rhythmic stimuli was 1.17 Nm, which was not sufficiently
large to move the participant’s arms. One end of the frame was connected to a motor, whereas the other end was
connected to a band around the arm of the person. The motor drove the frame to rotate, thereby providing a
rhythmic stimulus to the participant’s arms. The control module consists of a microcomputer and two encoders.
The microcomputer was equipped with a box placed on the back of the robot to generate the robot rhythm and
motor-driving commands. Encoders are mounted on the left and right motors to measure the swing angles of
the arm. The measurement range was £150°, the measurement resolution was 1.2 °, and the sampling rate was
100 Hz. The power module includes a battery mounted on the backbox.

Algorithm for synchronisation and presentation of the rhythmic stimuli

To synchronise the robot rhythm with the arm swing rhythm and present the tactile stimuli, we used the oscillator
entrainment model proposed in our previous studies”® based on the Walk-Mate Model'!, which represented the
rhythms of the robot and human as phase oscillators. This model consists of mutual synchronisation and phase-
difference control modules. Using the mutual synchronisation module, the robot synchronised its rhythm with
the arm-swing rhythm. The mutual synchronisation model is determined as follows:
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011171 =Wm_1 + kh,m Sin(0117/ - 9711,71) + km,ir/ Sin<0rr777' - amil) (1)

emir' =Wm_r + khm 5111(0/177' - emir) + kmir'l Sill(gny] - 677171‘) (2)

where 0, ; and 0,, , denote the left and right motor phases of the robot, respectively. 0, ; and 0;, , represent
the left and right human phases of the arm swing measured by the left and right encoders, respectively. wy,
and w,, , represent the robot’s left and right angular frequencies, respectively. k,,, and k,, ,; are the coupling
strength constants between the human and robot phases, and between the left and right phases of the robot.
We set Ky, = 0.25 and ky,, ,; = 2.5 based on our previous study®. From the second term on the right side of
equations 1 and 2, the robot was able to synchronise its left and right rhythms with the left and right rhythms of
the human arm swing. By the third term on the right side, the robot synchronises its left and right rhythms to
balance the rhythms of the human’s left and right arm swings.

The phase-difference control module matches the left and right angular frequencies of the robot, w,, jand w,, ,
, respectively, to those of the human arm swing. The differentials of w,,, ; and w,, , were as follows:

wmil =K Sill(A@d - <9hil - QIILJ)) (3)

wmir =M Sill(A@d - <€h7r - errtr)) (4)

where A is the predetermined target value of the phase difference between the robot and human. When A,y
is zero, the robot perfectly controls its own frequency relative to that of the human. 4 is the gain that matches
the robot’s frequency with that of the human’s frequency using the difference between them. In this study, we set
p = 0.08 and A, = 0 to the same values as in our previous study®.

We determined the timing and duration of the motor drive by using §,, ;and 6,, ,.Ifa < 6, ; < o+ 3, then
the robot drives the left motor. « and 3 indicate the starting phase (timing) and duration of motor driving,
respectively. If m + o < 0,, , < 7+ o+ 3, the robot drives the right motor. We set &« = 1.37 and 3 = 0.67
based on our previous study®. In this case, the robot presented tactile stimuli to the participant’s upper arms
when they swung their arms backward.

Task and conditions

The task involved swinging the arms for one minute in a sitting position while receiving rhythmic tactile stimuli
from the upper arms of the robot. The participants performed the training thrice. After each training session, the
participants walked 50 m along a flat corridor to measure their gait under the Post1, Post2, and Post3 conditions.
Before training, the participants walked the corridor to measure their baseline gait (pre-condition).

Procedures

First, the participants wore sensors to measure their gait. The sensors were worn throughout the experiment.
Before the pre-condition, the participants walked 50 m along the corridor twice as a warm-up. After a break of
at least two minutes while sitting on a chair, they walked along the corridor again to measure the baseline (pre-
condition). Subsequently, we repeated the following procedure three times for the Postl, 2, and 3 conditions.
First, an experimenter placed the robot on the participants, while they remained seated. The participants then
trained their arm swing rhythm with the robot in the sitting position. After the participants removed the
robot, a break of at least two minutes was provided. Finally, the participants walked 50 m to measure their gait.
Participants were instructed to initiate arm swinging with their arms hanging naturally at their sides, while
limiting excessive elbow bending. This approach intended to minimize fatigue from excessive effort and simulate
normal gait. Moreover, the participants were asked to swing their arms, while being aware of the tactile stimuli,
and were cautioned against exaggerated arm movements. Regarding arm swing speed, participants were advised
to swing their arms slightly faster than they normally would when walking. Previous research has demonstrated
the effectiveness of metronome-based walking training using slightly faster tempos'®. With the assistance of an
experimenter, participants were able to don and doff the robot in under a minute. This rapid turnaround suggests
that the time spent on these tasks did not confound the assessment of the training effect. Participants were able
to take breaks whenever they wished. The total experiment time was approximately one hour.

Gait measurement and statistical methods
To evaluate the gait of the participants, we used a wearable system for gait measurement, the WALK-MATE
GAIT CHECKER (WALK-MATE LAB Co., Itd., Japan). This system estimates the 3D foot trajectory and
duration of the gait phase, such as the swing and stance phases, using two IMUs (AMWS020, ATR-Promotions,
Japan) attached to the left and right ankles with special belts. The size and weight of the IMU were 37 x 46 x
12 mm and 22 g, respectively. Spatiotemporal gait parameters were estimated as previously described*. The
system utilized sagittal plane angular velocity data obtained using a gyro sensor to detect toe-off and heel-strike
events, characterized by significant changes in angular velocity. Subsequently, the 3-D foot trajectory of each
step was calculated using the acceleration data obtained using the accelerometer. Using this wearable system,
we measured the stride length, speed, and period for gait performance and the double support phase and swing
phase for gait pattern.

For the statistical analysis, we removed the first and last steps. Thirty steps (15 right, 15 left) from the middle
of the dataset of each walking trial were used in analyses. To analyse the average of each index, we used the
Wilcoxon signed-rank test with multiple comparisons using the Benjamini-Hochberg (BH) method, which
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was performed using R (version 4.2.3). The significance level was set at 0.05, and all p values reported in this
manuscript were adjusted using the BH method.

Data Availability
The datasets used and/or analysed in the current study are available from the corresponding author upon rea-
sonable request.
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