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Abstract— Postural control is one of the primary body
functions for fall prevention. Unexpected perturbation-
based balance training is effective for improving pos-
tural control. However, the effect of perturbation-based
training using assistive devices on muscle activity and
co-contraction for standing balance is still unclear. This
training is also difficult to perform easily because it
requires large instruments or expert guidance. The purpose
of this study is to demonstrate the effect of perturbation-
based balance training using a wearable balance training
device (WBTD) on postural control. In this study, fourteen
healthy young adult males were assigned to either a WBTD
group or a sham group. In the intervention session, par-
ticipants in the WBTD group were perturbed either left
or right direction at random timing by the WBTD dur-
ing tandem stance balance training. Participants in the
Sham group did not receive external perturbation during
tandem stance balance training. Before and after the inter-
vention session, participants of both groups underwent
unexpected lateral perturbation postural control testing
(pre- and post-test). The normalized integral of electromyo-
graphy (IEMG), co-contraction index (CCI), and center of
pressure (COP) parameters were measured in the pre-
and post-test. Experimental results showed that the WBTD
group in the post-test significantly decreased left Gluteus
Medius IEMG, CCI of both Gluteus Medius, and peak COPML
velocity, compared to those of the pre-test (p < 0.001,
p = 0.024, p = 0.031, respectively). We conclude that
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balance training using WBTD could improve flexible pos-
tural control adjustment via cooperative muscle activation.

Index Terms— Balance training, co-contraction, postural
control, unexpected perturbation, wearable device.

I. INTRODUCTION

FALLS and falls related injury critically affect older indi-
viduals healthy life span and activities of daily living.

With an increased aging population, falls and falls related
injuries are increasing in the world. Previous study has
reported that approximately 40% of individuals older than
65 years fall at least once per year [1]. Falls and falls
related injuries are a critical risk of long-term admissions
into nursing home care [2]. Improvement of postural control
during standing is important for fall prevention. Postural
control is one of the primary body functions for stabilizing
the center of mass (COM) against external perturbation and
preventing falls [3]. Postural control is a complex system,
consisting of multiple components such as reactive postural
control, dynamic stability, and motor system integration [4].
Postural control impairment correlates to falls and falls related
injury in older individuals and individuals with neurological
disorders [5], [6]. A previous study has reported that rel-
ative risk of postural control impairment for falls is 1.2 -
2.4 times higher in community-living older individuals [7].
Therefore, improvement of balance function by balance train-
ing is important for fall prevention. In particular, postural
stability response to lateral perturbation is important for fall
prevention [8]. Mediolateral direction of center of pressure
(COP) sway is one of the predictive parameters for fall risk
in older individuals [9]. In order to decrease mediolateral
postural disturbance, the central nervous system coordinates
bilateral muscle activity [10]. Gluteus Medius (GM) and
External Oblique muscle activity increases for minimizing
mediolateral sway when perturbation occurs during standing
balance task [11]. These muscle activities are important for
mediolateral stability during single-leg stance and gait [12],
[13]. Hip adductor muscles also contribute to mediolateral
stability during standing balance task as well as hip abductor
and trunk muscles [14], [15].

Regarding postural control, there is also evidence that
co-contraction between agonistic and antagonistic muscles
affects postural control skill [16], [17]. Previous studies
have reported older individuals increase lower limb muscle
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co-contraction compared to younger individuals during stand-
ing and gait [18], [19]. This higher muscle co-contraction is
a compensatory strategy for older individuals to maintain sta-
bility by stiffening their joint [20]. However, increasing joint
stiffness and more rigid body movement by excessive muscle
co-contraction could lead to a higher risk of instability during
postural perturbations [16]. Thus, reducing co-contraction dur-
ing challenging balance task is an important factor for stability.
Effects of balance training are also known to change balance
function immediately as well as long term. This immediate
effect is elicited due to changes in multisensory integration
by the central nervous system. Immediate multisensory inte-
gration change occurs via central nervous system correction
of postural control based on the error between predicted input
and actual input [21]. Previous studies have reported that a
balance task during standing and gait affected brain activity
and stability [22], [23].

To increase standing balance ability against external pertur-
bation, compensatory postural adjustments (CPAs) are made
by the central nervous system. CPAs are used as corrective
postural control functions after unexpected perturbations to
recover the body and COP position [24], [25]. Postural control
during a CPA phase reflects a person’s stability of posture
against unexpected external perturbation [11]. Unexpected
perturbation-based balance training is one of the effective
treatments for postural control. Compared to younger indi-
viduals, older individuals struggle to stabilize their posture
during standing with external perturbation. Greater instability
in response to unexpected perturbation results in increased
COP displacement, velocity and muscle activity [26], [27],
[28]. Compared to older individuals without experience of
falls, older individuals with experience of falls demon-
strate lower stability during unexpected perturbation balance
tasks [29]. A previous study has reported that unexpected
perturbation-based balance training improved postural control
related to fall risk factors [30]. In another study, a balance
training robot improved balance function and gait performance
on older individuals with frail or prefrail [31]. Although
perturbation-based balance training is effective for fall preven-
tion and improving postural control, this training is difficult to
perform because it requires expensive and large instruments or
the guidance of a medical expert. Therefore, a perturbation-
based training device that makes it easy for users to practice
at their home is necessary.

Recently, wearable devices have been reported to contribute
to user’s health and improve rehabilitation [32], [33]. These
devices could improve human movements, postural control,
and daily activity. A wearable device for perturbation-based
balance training has been developed which also allows users to
practice this training at home [34]. This device is lightweight,
flexible, and easy to use at home. It generates small, unex-
pected perturbation by pneumatic artificial muscles (PAM).
Previous studies have reported that this device can be used
for unexpected perturbation-based balance training, suggesting
that it improves the static and reactive postural control imme-
diately [34], [35]. However, the effect of perturbation-based
training on muscle activity and muscle co-contraction for
standing balance is still unclear. These indicators are important
factors that contribute to postural control. If perturbation-

Fig. 1. Wearable balance training device (WBTD). Lateral PAMs were
used for unexpected perturbation.

based balance training using a wearable device could improve
postural control and muscle co-contraction, the user may
acquire more adjustable postural control at their home. This,
in turn, could contribute to falls prevention. Although tran-
sition from a study in the lab-based setting to training at
home requires a few steps including useability, to verify the
effect of training on wearable devices is a critical initial
step in the process. Therefore, the purpose of this study
is to investigate effects of perturbation-based balance train-
ing using a wearable device designed to improve postural
control function. We measured COP parameters and sur-
face electromyography (EMG) of hip muscles for postural
control during standing balance against unexpected external
perturbation.

II. METHODS

A. Participants
Fourteen healthy young adult males (age: 22.7 ± 0.9, height:

1.68 ± 0.04 m, weight: 59.1 ± 6.6 kg) participated in this
study. Exclusion criteria were less than 20 years old, trunk
or lower limb pain during standing or gait, having history
of cardiac or neurological disorders, and surgery in the year
before study participation. All procedures of this study were
approved by the ethics committee of the Tokyo University of
Science (21021). All participants were fully explained before
the experiment, and the experiment was started after written
informed consent.

B. Wearable Balance Training Device (WBTD)
A WBTD was used for unexpected perturbation-based

balance training (Fig. 1). The WBTD consisted of four
McKibben-type PAMs, solenoid valves (SYJ300, SMC,
Tokyo, Japan), a soft shoulder supporter, a soft pelvic
supporter, and CO2 small tank (mini gas cylinder, NTG,
Tokyo, Japan). This device was designed to be portable and
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Fig. 2. Mechanism for PAM contraction. Wi-fi connection is indicated by
the black line. Electronic circuit is indicated by the red line. Pneumatic
flow for PAMs is indicated by the blue line.

lightweight to facilitate use at user’s home and at clinical sites.
The WBTD weighed 0.9 kg, in total. The natural length of the
PAMs was 250 mm, and PAMs were extended to 270 mm.
In this study, two PAMs were attached to left and right sides
of the WBTD. The PAMs generated external force to induce
lateral trunk bending. Solenoid valves for the PAMs were
controlled by Dhaiba DAQ (wireless modules) [36]. Details
of the WBTD have been described in a previous study [35].
The PAMs contract by compressed air flow from the CO2
small tank when the solenoid valves are opened. From initial
testing, it was shown that a PAM generated 40 N in response
to air pressure condition of 0.2 MPa. Fig.2 shows contraction
system configuration for the PAM in this device.

C. Experimental Setup and Procedure
The participants were randomly assigned to either the

WBTD group or the Sham group. This randomization was
achieved by computer-based random-number sequence gener-
ation. The experiment was conducted with a pre-test session,
an intervention session, and a post-test session in the same
day. Fig. 3 shows procedure of the experiment in this study.
The participants were instructed to perform tandem stance with
the dominant leg placed behind the non-dominant leg during
a minute in each session. The leg that participants’ preferred
to use when they kick a ball was defined as the dominant
leg [37]. In this study, the dominant leg of all participants
was the right side. The participants were asked to keep their
balance as consistent as possible for a minute and looked at
a sign 2 m away, which was placed at their eyes level during
the tandem stance test.

In the pre-test and post-test session, both group participants
underwent an unexpected lateral perturbation postural control
test on a force plate (Tech Gihan, Kyoto, Japan) during
one-minute tandem stance, as in previous studies [35], [38].
Two air cylinders (CJ2E16-200AZ, SMC, Tokyo, Japan) were
set on each side of the participants for the pre-test and post-test

session. The height of the air cylinders was set at the height
of iliac crests of each participant. During the tandem stance,
participants were laterally perturbed at random timing and in
random direction by the two air cylinders pushing the pelvis
of the participants. Therefore, participants could not expect
the perturbation timing and direction. This lateral perturbation
force by the air cylinders was approximately 88 N. The
one-minute tandem stance test was repeated three times in
the pre-test and post-test sessions. The average number of
perturbations was four times during one-minute of tandem
stance. Although sometimes the perturbation for each side
was experienced a different number of times during each
one-minute tandem stance session due to randomization used
to prevent prediction. Overall, the number of perturbations to
each side was similar on average for the total tandem stance
test in this study.

During the intervention session, participants of the WBTD
group underwent unexpected perturbation in the mediolateral
direction induced by the PAMs during tandem stance. In con-
trast, participants of the Sham group were not perturbed by the
PAMs, but instead just wore the device during tandem stance.
The participants of both groups performed 16 tandem stance
tasks for one-minute each. After the intervention session, the
post-test was performed in the same method as the pre-test.
Rest time was set between the sessions for the participants.
In addition, participants could sit and rest during each session
at any time if they asked.

D. Data Analysis
During pre-test and post-test session, EMG of lower limb

muscles and COP data from a force plate were measured.
The air cylinders, EMG, and force plate were synchronized
by electrical trigger. The EMG data were recorded by Delsys
Trigno Research+ System (Delsys Inc., MA, USA) with a
sampling frequency of 2000 Hz. The EMG sensors were
attached bilaterally over the GM and Adductor Longus (AL)
according to surface EMG for non-invasive assessment of
muscles (SENIAM) recommendations [39]. These EMG data
were filtered with a fourth-order bandpass Butterworth filter
(20 – 450 Hz). Then, EMG data were full wave rectification
and liner envelopes were created with 20 Hz cut-off frequency
using a fourth-order low-pass Butterworth filter. Timing of
the perturbations (t0; time = 0) in the both test session was
determined using the timing of electrical trigger that opens
the solenoid valve of air cylinder and the time until the air
cylinder contacted the participants’ pelvis. From mechanical
tests of this device, mean absolute error was approximately
10 ms. To evaluate postural control ability against unexpected
perturbation, EMG data from 50 to 350 ms after t0 were
calculated as the time phase of interest, similar to a previous
study [40]. This EMG phase was shifted 50 ms early com-
pared with the COP time phase because of electromechanical
delay [11], [41]. Typical patterns of EMG and COP during
the postural control test in response to external perturbation
are shown in Fig. 4. The integral of EMG signal (IEMG)
was calculated. The IEMG of each muscle was normalized
to compare IEMG between participants and groups. The
maximum value of IEMG for each participant was chosen
from a given muscle across all one-minute stance task in the
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Fig. 3. Experimental procedure of this study. This experiment was conduct in following order: pre-test (a), intervention (b), and post-test (c).
In (a) and (c) sessions, participants in both groups underwent unexpected lateral perturbation postural control test by air cylinders during tandem
stance. In (b), the intervention session consisted of 16 tandem stance training trials. The Participants in the WBTD group were perturbed by a
WBTD in intervention session, while the Sham group were not perturbed.

Fig. 4. Typical pattern of EMG and COP during the postural control test against external perturbation. Time 0 means the timing of the perturbation
by the air cylinder. The red area indicates the CPA phase in EMG and COP. (A): EMG of both GM and AM, bilaterally, (B): COPML and COPAP
displacement.

pre-test and post-test sessions. After that, all IEMG values of
each muscle of each participant were divided by this maximal
value of IEMG [42]. Therefore, the range of normalized IEMG
was limited from 0 to 1. In addition, the co-contraction index
(CCI) of right GM and right AL (Right CCI), left GM and
left AL (Left CCI), and right GM and left GM (GM CCI) was
calculated to estimate hip joint or pelvis co-contraction in the
frontal plane. For each participant, the maximal value of EMG
amplitude for a given muscle activity across all pre-test and
post-test sessions was determined. After that, all EMG data
of the four muscles of each participant were divided by this
maximal EMG amplitude [43]. These CCI were calculated by
using following calculation [44]:

CC I =
1
N

N∑
i=1

(
E MGlowi

E MGhighi

) (
E MGlowi + E MGhighi

)
(1)

where N is total number of datapoints for the EMG time phase
of interest, E MGlow is the normalized lower EMG value of

pair muscles EMG at i th data point. E MGhigh is normalized
higher EMG value of pair muscles EMG at i th data point.
These CCI can range from 0 to 2. This CCI calculation takes
similarity and magnitude of the EMG of muscle pair into
account, therefore, it can be preferable for estimating joint
stiffness [17]. If this CCI value in the post-test decreases com-
pared with that of the pre-test, it is indicative of improvement
in postural control adaptability against perturbation.

COP data from a force plate were recorded with a sam-
pling frequency of 1000 Hz. Mediolateral and anteroposterior
direction of COP (COPML and COPAP) data were filtered with
a 10 Hz cut-off frequency fourth-order low-pass Butterworth
filter. Baseline values of these COP metrics were calculated
using mean value from −500 to −350 ms (before balance
perturbation, t0). Then, these mean values were subtracted
from COPML and COPAP data, respectively. Peak displace-
ment (D-COP), root mean square (RMS), and peak velocity
(V-COP) of COPML and COPAP were calculated using data
from 100 to 400 ms after t0, as in a previous study [40].
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TABLE I
STATISTICS OF ANALYSIS OF VARIANCE FOR SPLIT-PLOT FACTORIAL DESIGN FOR IEMG, CCI, AND COP PARAMETERS

These COP parameters were used as a representative index
for evaluating postural control. Peak D-COPML and V-COPML
were quantified as the maximum value in the same external
force direction by the air cylinder in this time phase, while
peak D-COPAP and V-COPAP were quantified as the absolute
maximum value. Since the unexpected perturbation during
pre-test and post-test were bi-directional, these parameters
were averaged separately for the left-to-right and right-to-left
direction of perturbation.

E. Statistical Analysis
To compare these IEMG, CCI, and COP parameters in two

perturbation direction conditions, the main effects of group
(WBTD/Sham) and time (pre-test/post-test) were evaluated
by analyzing the variance for a split-plot factorial design.
Paired t-test and unpaired t-test were used as a post-hoc test
to compare the time and group factor, respectively. These
statistical analyses were performed using R (version 4.2.1;
CRAN, freeware). The partial eta-squared (η2) was calculated
to investigate effect size for the variance for a split-plot
factorial design, and η2 was defined as small (<0.01), medium
(0.01 – 0.06), and large (>0.06). The Effect size of post-hoc
test was also calculated using r value, and r was defined as

small (<0.1), medium (0.1 – 0.5), and large (>0.5). Statistical
significance was set at p < 0.05.

III. RESULTS

Table I summarizes the results of variance for the split-plot
factorial design for IEMG, CCI, and COP parameters. Nor-
malized IEMG and normalized CCI for each group and time
factor in both perturbation direction conditions are shown in
Fig. 5.

In normalized IEMG parameters, there were significant
differences for the main effect of time for left GM in the
left-to-right perturbation condition. In the WBTD group, nor-
malized IEMG of the left GM during the post-test significantly
decreased compared to those of the pre-test in the left-to-right
perturbation condition. In normalized CCI parameters, there
were significant differences for the main effect of time for GM
CCI in the left-to-right perturbation condition. In the WBTD
group, normalized GM CCI during the post-test significantly
decreased compared to those of the pre-test in the left-to-right
perturbation condition. There were no statistically significant
differences in the main effects of the group for IEMG and CCI
parameters. In addition, there was no significant interaction
effect.
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Fig. 5. Results of EMG parameters on each group and time factor in both perturbation direction conditions. The top row shows normalized integral
of electromyography (IEMG) of Gluteus Medius (GM) and Adductor Longus (AL). The bottom row shows normalized co-contraction index (CCI).
Boxes and inside horizontal lines of Box plots represent ranges of Q1, Q3, and median values. Upper and lower whiskers show the highest and
lowest values excluding outliers. × and ⃝ indicate mean and outlier, respectively. ∗ indicates significant difference (p < 0.05).

The COPML and COPAP for each group and time factor
in both perturbation direction conditions are shown in Fig. 6.
In COP parameters, there were significant differences for the
main effect of time for V-COPML during the left-to-right
perturbation condition. In the WBTD group, V-COPML during
the post-test significantly decreased compared to those of the
pre-test in the left-to-right perturbation condition. There were
no statistically significant differences in the main effects of
the group for these COP parameters. In addition, there was
no significant interaction effect. There were no significant
differences in normalized IEMG, normalized CCI, and COP
parameters for the right-to-left perturbation condition.

IV. DISCUSSION

Improving postural control during standing with unex-
pected external perturbation is critical for fall prevention.
The purpose of this study was to demonstrate the effect of
perturbation-based balance training using a WBTD on postu-
ral control function. This study measured normalized IEMG
and CCI of hip muscles, and COP parameters during unex-
pected lateral perturbation postural control tests. Experimental
results showed that perturbation-based balance training using
a WBTD could improve corrective postural control compared
to a Sham group as a main effect.

In the left-to-right perturbation condition, normalized IEMG
of the left GM for the WBTD group decreased compared
to those of the pre-test session. Muscle activity for correc-
tive postural control on younger adults were evaluated by
inducing unexpected perturbations and measuring EMG during
the CPA phase [40], [41]. Previous studies have shown that

older adults increased compensatory activation in their lower
limb muscles during standing postural tasks, compared with
younger adults [8]. During tandem stance, instability of the
COPML was higher than in normal standing [45], and both GM
activation increased, contributing to stabilization of postural
control. Perturbation-based balance training using a WBTD
might decrease excessive muscle activity during challenging
balance tasks such as the tandem standing task used in this
study.

Moreover, the results also showed that normalized GM
CCI during the post-test for the WBTD group significantly
decreased with a large effect size compared to those of the pre-
test session. Muscle co-contraction is known to increase joint
stiffness by central nervous system [46], [47]. Older adults
elevate the level of lower limb muscles co-contraction during
gait and standing balance [48], [49]. The CCI and muscle
activity also increase when younger and older individuals
maintain their postural control during balance challenging
tasks [50], [51]. However, assessing increased joint stiffness,
as indicated by the calculated CCI has not always been suc-
cessful without accurate prediction of the amount of postural
sway [51]. Elevation of the CCI level during standing postural
control was associated with fall risk in older adults [18].
Therefore, perturbation-based balance training using a WBTD
could decrease CCI and contribute to flexible postural control
adjustment. In addition, it has been reported that GM muscle
activity was increased when younger individuals were per-
turbed from lateral direction [52]. Balance training decreased
CCI during standing balance task in older adults, which
could be associated with improvement of postural control
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Fig. 6. Results of center of pressure (COP) parameters on each group and time factor in both perturbation direction conditions. The top row
shows D-COP and RMS. The bottom row shows V-COP. Boxes and inside horizontal lines of Box plots represent ranges of Q1, Q3, and median
values. Upper and lower lines of whiskers show the highest and lowest values excluding outliers. × and ⃝ indicate mean and outlier, respectively.
∗ indicates significant difference (p < 0.05).

ability [53]. In this study, we observed decreased GM CCI
during unexpected lateral perturbation postural control tests.
This seems to indicate a decrease of excessive joint and
inter-limb stiffness to allow flexible control by the GM on
both sides. The results showing the effect of a WBTD are
supported by and consistent with these previous studies.

For COP parameters, V-COPML of the post-test session for
the WBTD group significantly decreased compared to those of
the pre-test session (with a large effect size). Previous studies
have reported that COP peak displacement and peak velocity
after unexpected perturbation was found in the CPA phase.
The results of this study were consistent with these previous
studies on younger and older adults [35], [54]. Postural control
during stance with unexpected perturbation decreases with
aging, disease, and the experience of falls [14], [29]. Central
nervous system disorder such as Parkinson’s disease and stroke
affect postural control and muscle activity during stance and
gait [5], [14]. A previous study reported that older individuals
with and without experience of falls had COP instability
during standing task with unexpected perturbation compared to
younger adults [29]. Perturbation-based balance training using
a training device or medical experts’ guidance could improve
postural control. Perturbation-based balance training using
a ride-on robotics rehabilitation instrument improved static
balance function and tandem gait velocity [55]. In addition,
perturbation-based balance training using waist-pull system
during gait improve gait stability and response to perturba-
tion in individuals with Parkinson’s disease [56]. The COP
velocity is an indicator of instability during standing balance
tasks, and older individuals with experience of falls increase

COP velocity during tandem stance compared to older adults
without experience of falls [57]. Therefore, perturbation-based
training using a WBTD might improve postural control imme-
diately. Decreased V-COPML was seemingly caused by flexible
postural control to lower GM CCI, likely reducing joint
stiffness and thus allowing flexible and stabilizing postural
control adjustment [16].

Differing from previous studies, the results of the present
study did not show significant difference under the right-to-left
perturbation condition. These results may be due to the type of
standing posture used. Previous studies used perturbation bal-
ance training for younger and older adults required to maintain
stance posture with their feet shoulder placed at width [28],
[38], [58], while the participants of this study were required
to be in tandem stance with their right-side leg behind for
evaluating postural control during the balance challenge task.
Compared to normal standing posture, it was difficult for the
participants to maintain lateral postural stability during tandem
stance. Moreover, tandem stance is asymmetric foot position.
Therefore, we speculate that these significant differences were
only found in the left-to-right perturbation condition because
of the asymmetric foot position. Also, there were no significant
differences on the results of D-COP for the WBTD group.
The results differed from the previous study [28]. One possible
reason for no significant difference in the D-COP could be that
Perturbation force is less than other methods. Previous studies
use more high force than our study because they perform it
in laboratory environment, namely, these studies used large
perturbation system and strong harness [23], [28]. In this study,
the wearable device for perturbation-based balance training has
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been developed which also allows users to safely practice this
training at home. The generated force is carefully controlled
for safety. Therefore, the components of postural control such
as EMG index could detect sensitive changes, but indicators
such as D-COP might not detect immediate changes. Also,
p values of interaction in this study were not less than 0.05,
whereas it may be worth noting that some effect sizes of the
interaction were large.

There are a few limitations in this study that should be
addressed. First, the sample size of this study was not very
large. Research with a large number of participants may pro-
vide more discoveries due to a more detailed analysis. Second,
this study did not measure other lower limb muscles such as
ankle joint muscles. Although hip muscles are considered to
be the primary contributors to mediolateral stability during
frontal plane balance challenge tasks, ankle muscles might
also contribute to mediolateral stability. Lateral perturbation
during stance has been reported to increase muscle activity
the ankle dorsiflexor and plantar flexor muscles as well as
the hip abductor and adductor muscles [58]. Verification of
muscle activity and CCI in other joint and inter-limb pairings
might yield important insights into postural control and the
effect of perturbation-based balance training. Lastly, this study
did not include older individuals or individuals with postural
control impairment including male and female. To investigate
the long-term effect of perturbation-based training using a
WBTD for older individuals and individuals with postural
control impairment could further contribute to fall prevention
and effective treatment for postural control. Despite these lim-
itations, our findings suggest that perturbation-based balance
training using a WBTD could improve postural control ability
against unexpected external perturbation.

V. CONCLUSION

The purpose of this study was to investigate the effect of
perturbation-based training using a WBTD on postural control
ability against unexpected external perturbation. A WBTD was
developed to allow users to perform perturbation-based bal-
ance training at their home easily. This device is lightweight,
flexible, and easy to use at the user’s home without requiring
large instruments or medical expertise. The results showed
that perturbation-based balance training using a WBTD sig-
nificantly decrease postural sway. Moreover, the training also
decreased co-contraction and muscle activity in hip abductors.
These findings suggest that a WBTD may improve postural
control ability against unexpected external perturbation. Fur-
ther study should investigate the effect of similar training in
pathological participants and older individuals with experience
of falls.

REFERENCES

[1] J. M. Hausdorff, D. A. Rios, and H. K. Edelberg, “Gait variability and
fall risk in community-living older adults: A 1-year prospective study,”
Arch. Phys. Med. Rehabil., vol. 82, no. 8, pp. 1050–1056, Aug. 2001,
doi: 10.1053/apmr.2001.24893.

[2] T. M. Gill, T. E. Murphy, E. A. Gahbauer, and H. G. Allore, “Association
of injurious falls with disability outcomes and nursing home admissions
in community-living older persons,” Amer. J. Epidemiol., vol. 178, no. 3,
pp. 418–425, Aug. 2013, doi: 10.1093/aje/kws554.

[3] F. B. Horak, “Postural orientation and equilibrium: What do we need
to know about neural control of balance to prevent falls?” Age Ageing,
vol. 35, no. suppl_2, pp. ii7–ii11, Sep. 2006, doi: 10.1093/ageing/afl077.

[4] K. M. Sibley, M. K. Beauchamp, K. Van Ooteghem, S. E. Straus,
and S. B. Jaglal, “Using the systems framework for postural control
to analyze the components of balance evaluated in standardized balance
measures: A scoping review,” Arch. Phys. Med. Rehabil., vol. 96, no. 1,
pp. 122–132, Jan. 2015, doi: 10.1016/j.apmr.2014.06.021.

[5] A. Torchio et al., “Identification of modified dynamic gait index cutoff
scores for assessing fall risk in people with Parkinson disease, stroke
and multiple sclerosis,” Gait Posture, vol. 91, pp. 1–6, Jan. 2022, doi:
10.1016/j.gaitpost.2021.09.201.

[6] K. O. Berg, B. E. Maki, J. I. Williams, P. J. Holliday, and
S. L. Wood-Dauphinee, “Clinical and laboratory measures of postural
balance in an elderly population,” Arch. Phys. Med. Rehabil., vol. 73,
no. 11, pp. 1073–1080, 1992. [Online]. Available: https://www.archives-
pmr.org/article/0003-9993(92)90174-U/abstract

[7] M. E. Tinetti and C. Kumar, “The patient who falls: ‘It’s always
a trade-off,”’ JAMA, vol. 303, no. 3, p. 258, Jan. 2010, doi:
10.1001/jama.2009.2024.

[8] I. G. Amiridis, V. Hatzitaki, and F. Arabatzi, “Age-induced modifications
of static postural control in humans,” Neurosci. Lett., vol. 350, no. 3,
pp. 137–140, 2003, doi: 10.1016/S0304-3940(03)00878-4.

[9] B. E. Maki, P. J. Holliday, and A. K. Topper, “A prospective study of
postural balance and risk of falling in an ambulatory and independent
elderly population,” J. Gerontology, vol. 49, no. 2, pp. M72–M84,
Mar. 1994.

[10] K. P. Granata, K. F. Orishimo, and A. H. Sanford, “Trunk muscle
coactivation in preparation for sudden load,” J. Electromyogr. Kinesiol.,
vol. 11, no. 4, pp. 247–254, Aug. 2001.

[11] M. J. Santos, N. Kanekar, and A. S. Aruin, “The role of anticipatory
postural adjustments in compensatory control of posture: 1. Electromyo-
graphic analysis,” J. Electromyogr. Kinesiol., vol. 20, no. 3, pp. 388–397,
Jun. 2010, doi: 10.1016/j.jelekin.2009.06.006.

[12] L. K. Hughey and J. Fung, “Postural responses triggered by multidi-
rectional leg lifts and surface tilts,” Exp. Brain Res., vol. 165, no. 2,
pp. 152–166, Aug. 2005, doi: 10.1007/s00221-005-2295-9.

[13] C. D. MacKinnon and D. A. Winter, “Control of whole body balance
in the frontal plane during human walking,” J. Biomech., vol. 26, no. 6,
pp. 633–644, Jun. 1993, doi: 10.1016/0021-9290(93)90027-C.

[14] D. Dimitrova, F. B. Horak, and J. G. Nutt, “Postural muscle
responses to multidirectional translations in patients with Parkinson’s
disease,” J. Neurophysiol., vol. 91, no. 1, pp. 489–501, Jan. 2004, doi:
10.1152/jn.00094.2003.

[15] M. Inacio, R. Creath, and M. W. Rogers, “Effects of aging on hip
abductor-adductor neuromuscular and mechanical performance during
the weight transfer phase of lateral protective stepping,” J. Biomechanics,
vol. 82, pp. 244–250, Jan. 2019, doi: 10.1016/j.jbiomech.2018.10.040.

[16] G. Wu, “Age-related differences in body segmental movement during
perturbed stance in humans,” Clin. Biomechanics, vol. 13, nos. 4–5,
pp. 300–307, Jun. 1998.

[17] J. Falk, V. Strandkvist, M. Pauelsen, I. Vikman, L. Nyberg, and U. Röi-
jezon, “Increased co-contraction reaction during a surface perturbation
is associated with unsuccessful postural control among older adults,”
BMC Geriatrics, vol. 22, no. 1, p. 2, Dec. 2022, doi: 10.1186/s12877-
022-03123-2.

[18] E. Nelson-Wong et al., “Increased fall risk is associated with elevated
co-contraction about the ankle during static balance challenges in older
adults,” Eur. J. Appl. Physiol., vol. 112, no. 4, pp. 1379–1389, Apr. 2012,
doi: 10.1007/s00421-011-2094-x.

[19] Y. Iwamoto, M. Takahashi, and K. Shinkoda, “Differences of muscle
co-contraction of the ankle joint between young and elderly adults
during dynamic postural control at different speeds,” J. Physiological
Anthropology, vol. 36, no. 1, pp. 1–9, Dec. 2017, doi: 10.1186/s40101-
017-0149-3.

[20] T. Hortobágyi et al., “Interaction between age and gait veloc-
ity in the amplitude and timing of antagonist muscle coactiva-
tion,” Gait Posture, vol. 29, no. 4, pp. 558–564, Jun. 2009, doi:
10.1016/j.gaitpost.2008.12.007.

[21] R. Chiba, K. Takakusaki, J. Ota, A. Yozu, and N. Haga, “Human
upright posture control models based on multisensory inputs; in fast
and slow dynamics,” Neurosci. Res., vol. 104, pp. 96–104, Mar. 2016,
doi: 10.1016/j.neures.2015.12.002.

[22] H. Karim, S. I. Fuhrman, P. Sparto, J. Furman, and T. Hup-
pert, “Functional brain imaging of multi-sensory vestibular process-
ing during computerized dynamic posturography using near-infrared
spectroscopy,” NeuroImage, vol. 74, pp. 318–325, Jul. 2013, doi:
10.1016/j.neuroimage.2013.02.010.

http://dx.doi.org/10.1053/apmr.2001.24893
http://dx.doi.org/10.1093/aje/kws554
http://dx.doi.org/10.1093/ageing/afl077
http://dx.doi.org/10.1016/j.apmr.2014.06.021
http://dx.doi.org/10.1016/j.gaitpost.2021.09.201
http://dx.doi.org/10.1001/jama.2009.2024
http://dx.doi.org/10.1016/S0304-3940(03)00878-4
http://dx.doi.org/10.1016/j.jelekin.2009.06.006
http://dx.doi.org/10.1007/s00221-005-2295-9
http://dx.doi.org/10.1016/0021-9290(93)90027-C
http://dx.doi.org/10.1152/jn.00094.2003
http://dx.doi.org/10.1016/j.jbiomech.2018.10.040
http://dx.doi.org/10.1186/s12877-022-03123-2
http://dx.doi.org/10.1186/s12877-022-03123-2
http://dx.doi.org/10.1007/s00421-011-2094-x
http://dx.doi.org/10.1186/s40101-017-0149-3
http://dx.doi.org/10.1186/s40101-017-0149-3
http://dx.doi.org/10.1016/j.gaitpost.2008.12.007
http://dx.doi.org/10.1016/j.neures.2015.12.002
http://dx.doi.org/10.1016/j.neuroimage.2013.02.010


2238 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 32, 2024

[23] D. Martelli, V. Vashista, S. Micera, and S. K. Agrawal, “Direction-
dependent adaptation of dynamic gait stability following waist-pull
perturbations,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 24, no. 12,
pp. 1304–1313, Dec. 2016, doi: 10.1109/TNSRE.2015.2500100.

[24] L. M. Nashner and P. J. Cordo, “Relation of automatic postural
responses and reaction-time voluntary movements of human leg mus-
cles,” Exp. Brain Res., vols. 43–43, nos. 3–4, pp. 395–405, Aug. 1981,
doi: 10.1007/BF00238382.

[25] T. Kaewmanee, H. Liang, and A. S. Aruin, “The role of predictability
of the magnitude of a perturbation in control of vertical posture
when catching an object,” Human Movement Sci., vol. 80, Dec. 2021,
Art. no. 102890, doi: 10.1016/j.humov.2021.102890.

[26] D. C. Mackey and S. N. Robinovitch, “Mechanisms underlying
age-related differences in ability to recover balance with the ankle
strategy,” Gait Posture, vol. 23, no. 1, pp. 59–68, Jan. 2006, doi:
10.1016/j.gaitpost.2004.11.009.

[27] D. L. Sturnieks et al., “Force-controlled balance perturbations associated
with falls in older people: A prospective cohort study,” PLoS ONE,
vol. 8, no. 8, pp. 1–6, 2013, doi: 10.1371/journal.pone.0070981.

[28] R. Claudino, E. C. C. D. Santos, and M. J. Santos, “Compensatory
but not anticipatory adjustments are altered in older adults during
lateral postural perturbations,” Clin. Neurophysiol., vol. 124, no. 8,
pp. 1628–1637, Aug. 2013, doi: 10.1016/j.clinph.2013.02.111.

[29] S.-I. Lin, M. H. Woollacott, and J. L. Jensen, “Postural response
in older adults with different levels of functional balance capacity,”
Aging Clin. Exp. Res., vol. 16, no. 5, pp. 369–374, Oct. 2004, doi:
10.1007/BF03324566.

[30] I. Kurz, Y. Gimmon, A. Shapiro, R. Debi, Y. Snir, and I. Melzer,
“Unexpected perturbations training improves balance control and vol-
untary stepping times in older adults—A double blind randomized
control trial,” BMC Geriatrics, vol. 16, no. 1, pp. 1–11, Dec. 2016,
doi: 10.1186/s12877-016-0223-4.

[31] K. Ozaki et al., “Training with a balance exercise assist robot is
more effective than conventional training for frail older adults,” Geri-
atrics Gerontol. Int., vol. 17, no. 11, pp. 1982–1990, Nov. 2017, doi:
10.1111/ggi.13009.

[32] N. Mizukami et al., “Effect of the synchronization-based control of a
wearable robot having a non-exoskeletal structure on the hemiplegic
gait of stroke patients,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 26,
no. 5, pp. 1011–1016, May 2018, doi: 10.1109/TNSRE.2018.2817647.

[33] Y.-T. Pan, H. U. Yoon, and P. Hur, “A portable sensory augmentation
device for balance rehabilitation using fingertip skin stretch feedback,”
IEEE Trans. Neural Syst. Rehabil. Eng., vol. 25, no. 1, pp. 31–39,
Jan. 2017, doi: 10.1109/TNSRE.2016.2542064.

[34] M. Yamamoto, Y. Kishishita, K. Shimatani, and Y. Kurita, “Develop-
ment of new soft wearable balance exercise device using pneumatic
gel muscles,” Appl. Sci., vol. 9, no. 15, p. 3108, Aug. 2019, doi:
10.3390/app9153108.

[35] M. Yamamoto, K. Shimatani, D. Yoshikawa, T. Washida, and
H. Takemura, “Perturbation-based balance exercise using a wear-
able device to improve reactive postural control,” IEEE J. Trans-
lational Eng. Health Med., vol. 11, pp. 515–522, 2023, doi:
10.1109/jtehm.2023.3310503.

[36] M. Tada, “Wireless sensor and display modules for on-site motion
measurement and intervention,” Proc. 19th Soc. Instrum. Control Eng.
Symp. Syst. Integr., 2018, pp. 418–422.

[37] B. Dingenen, F. F. Staes, and L. Janssens, “A new method to analyze
postural stability during a transition task from double-leg stance to
single-leg stance,” J. Biomechanics, vol. 46, no. 13, pp. 2213–2219,
Sep. 2013, doi: 10.1016/j.jbiomech.2013.06.026.

[38] S. Rietdyk, A. E. Patla, D. A. Winter, M. G. Ishac, and C. E. Little,
“Balance recovery from medio-lateral perturbations of the upper body
during standing,” J. Biomech., vol. 32, no. 11, pp. 1149–1158, 1999,
doi: 10.1016/S0021-9290(99)00116-5.

[39] H. J. Hermens and B Freriks. Welcome to SENIAM. Accessed: Apr. 10,
2024. [Online]. Available: http://www.seniam.org/

[40] H. Liang, T. Kaewmanee, and A. S. Aruin, “The role of an auditory
cue in generating anticipatory postural adjustments in response to an
external perturbation,” Exp. Brain Res., vol. 238, no. 3, pp. 631–641,
Mar. 2020, doi: 10.1007/s00221-020-05738-6.

[41] P. F. Vint, S. P. Mclean, and G. M. Harron, “Electromechanical delay
in isometric actions initiated from nonresting levels,” Med. Sci. Sports
Exercise, vol. 33, no. 6, pp. 978–983, Jun. 2001, doi: 10.1097/00005768-
200106000-00018.

[42] T. Shiratori, M. Latash, and A. Aruin, “The role of action in pos-
tural preparation for loading and unloading in standing subjects,”
Exp. Brain Res., vol. 138, no. 4, pp. 458–466, Jun. 2001, doi:
10.1007/s002210100729.

[43] C. Apps, T. Sterzing, T. O’Brien, and M. Lake, “Lower limb joint
stiffness and muscle co-contraction adaptations to instability footwear
during locomotion,” J. Electromyogr. Kinesiol., vol. 31, pp. 55–62,
Dec. 2016, doi: 10.1016/j.jelekin.2016.09.003.

[44] K. S. Rudolph, M. J. Axe, T. S. Buchanan, J. P. Scholz, and
L. Snyder-Mackler, “Dynamic stability in the anterior cruciate ligament
deficient knee,” Knee Surgery, Sports Traumatology, Arthroscopy, vol. 9,
no. 2, pp. 62–71, Mar. 2001, doi: 10.1007/s001670000166.

[45] S. M. O’Connor and A. D. Kuo, “Direction-dependent control of balance
during walking and standing,” J. Neurophysiology, vol. 102, no. 3,
pp. 1411–1419, Sep. 2009, doi: 10.1152/jn.00131.2009.

[46] S. Hirokawa, M. Solomonow, Z. Luo, Y. Lu, and R. D’Ambrosia,
“Muscular co-contraction and control of knee stability,” J. Electromyogr.
Kinesiol., vol. 1, no. 3, pp. 199–208, Sep. 1991.

[47] G. Li, M. S. Shourijeh, D. Ao, C. Patten, and B. J. Fregly, “How
well do commonly used co-contraction indices approximate lower limb
joint stiffness trends during gait for individuals post-stroke?” Frontiers
Bioengineering Biotechnol., vol. 8, Jan. 2021, Art. no. 588908, doi:
10.3389/fbioe.2020.588908.

[48] J. Lo et al., “Functional implications of muscle co-contraction during
gait in advanced age,” Gait Posture, vol. 53, pp. 110–114, Mar. 2017,
doi: 10.1016/j.gaitpost.2017.01.010.

[49] N. Benjuya, I. Melzer, and J. Kaplanski, “Aging-induced shifts from
a reliance on sensory input to muscle cocontraction during balanced
standing,” J. Gerontology Ser. A, Biol. Sci. Med. Sci., vol. 59, no. 2,
pp. M166–M171, Feb. 2004.

[50] J. H. J. Allum, M. G. Carpenter, F. Honegger, A. L. Adkin, and
B. R. Bloem, “Age-dependent variations in the directional sensitivity
of balance corrections and compensatory arm movements in man,” J.
Physiol., vol. 542, no. 2, pp. 643–663, Jul. 2002, doi: 10.1113/jphys-
iol.2001.015644.

[51] R. F. Reynolds, “The ability to voluntarily control sway reflects the
difficulty of the standing task,” Gait Posture, vol. 31, no. 1, pp. 78–81,
Jan. 2010, doi: 10.1016/j.gaitpost.2009.09.001.

[52] M. J. Santos and A. S. Aruin, “Role of lateral muscles and body
orientation in feedforward postural control,” Exp. Brain Res., vol. 184,
no. 4, pp. 547–559, Feb. 2008, doi: 10.1007/s00221-007-1123-9.

[53] K. Nagai et al., “Effects of balance training on muscle coactivation
during postural control in older adults: A randomized controlled trial,”
Journals Gerontology Ser. A, Biol. Sci. Med. Sci., vol. 67, no. 8,
pp. 882–889, Aug. 2012, doi: 10.1093/gerona/glr252.

[54] N. Kanekar and A. S. Aruin, “The effect of aging on anticipatory
postural control,” Exp. Brain Res., vol. 232, no. 4, pp. 1127–1136,
Apr. 2014, doi: 10.1007/s00221-014-3822-3.

[55] K. Ozaki et al., “Preliminary trial of postural strategy training using
a personal transport assistance robot for patients with central nervous
system disorder,” Arch. Phys. Med. Rehabil., vol. 94, no. 1, pp. 59–66,
Jan. 2013, doi: 10.1016/j.apmr.2012.08.208.

[56] D. Martelli, L. Luo, J. Kang, U. J. Kang, S. Fahn, and S. K. Agrawal,
“Adaptation of stability during perturbed walking in Parkinson’s dis-
ease,” Sci. Rep., vol. 7, no. 1, pp. 1–11, Dec. 2017, doi: 10.1038/s41598-
017-18075-6.

[57] I. Melzer, “Postural stability in the elderly: A comparison between fallers
and non-fallers,” Age Ageing, vol. 33, no. 6, pp. 602–607, Sep. 2004,
doi: 10.1093/ageing/afh218.

[58] R. T.-L. Zhu, P.-Z. Lyu, S. Li, C. Y. Tong, Y. T. Ling, and C. Z.-H. Ma,
“How does lower limb respond to unexpected balance perturba-
tions? New insights from synchronized human kinetics, kinematics,
muscle electromyography (EMG) and mechanomyography (MMG)
data,” Biosensors, vol. 12, no. 6, p. 430, Jun. 2022, doi: 10.3390/
bios12060430.

http://dx.doi.org/10.1109/TNSRE.2015.2500100
http://dx.doi.org/10.1007/BF00238382
http://dx.doi.org/10.1016/j.humov.2021.102890
http://dx.doi.org/10.1016/j.gaitpost.2004.11.009
http://dx.doi.org/10.1371/journal.pone.0070981
http://dx.doi.org/10.1016/j.clinph.2013.02.111
http://dx.doi.org/10.1007/BF03324566
http://dx.doi.org/10.1186/s12877-016-0223-4
http://dx.doi.org/10.1111/ggi.13009
http://dx.doi.org/10.1109/TNSRE.2018.2817647
http://dx.doi.org/10.1109/TNSRE.2016.2542064
http://dx.doi.org/10.3390/app9153108
http://dx.doi.org/10.1109/jtehm.2023.3310503
http://dx.doi.org/10.1016/j.jbiomech.2013.06.026
http://dx.doi.org/10.1016/S0021-9290(99)00116-5
http://dx.doi.org/10.1007/s00221-020-05738-6
http://dx.doi.org/10.1097/00005768-200106000-00018
http://dx.doi.org/10.1097/00005768-200106000-00018
http://dx.doi.org/10.1007/s002210100729
http://dx.doi.org/10.1016/j.jelekin.2016.09.003
http://dx.doi.org/10.1007/s001670000166
http://dx.doi.org/10.1152/jn.00131.2009
http://dx.doi.org/10.3389/fbioe.2020.588908
http://dx.doi.org/10.1016/j.gaitpost.2017.01.010
http://dx.doi.org/10.1113/jphysiol.2001.015644
http://dx.doi.org/10.1113/jphysiol.2001.015644
http://dx.doi.org/10.1016/j.gaitpost.2009.09.001
http://dx.doi.org/10.1007/s00221-007-1123-9
http://dx.doi.org/10.1093/gerona/glr252
http://dx.doi.org/10.1007/s00221-014-3822-3
http://dx.doi.org/10.1016/j.apmr.2012.08.208
http://dx.doi.org/10.1038/s41598-017-18075-6
http://dx.doi.org/10.1038/s41598-017-18075-6
http://dx.doi.org/10.1093/ageing/afh218
http://dx.doi.org/10.3390/bios12060430
http://dx.doi.org/10.3390/bios12060430

