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COMPARISON OF TRUNK AND LEG SWAY DURING SINGLE LEG
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Background: Singe leg stance (SLS) is a commonly used assessment of balance, but there is lack of knowledge of
how different body part may be involved in the SLS maintenance.  The purpose of this study was to utilize small
inertial measurement unit (IMUs) to investigate how different body segments respond during static SLS.

Methods: This was a cross-sectional study with two IMU sensors utilized to compare two body locations. The
sensors were placed at two flat areas - on L4-5 spinous processes for the trunk segment, and at the left popliteal
fossa immediately below the knee joint line for the leg segment. All subjects recruited had the left leg as the non-
dominant leg. These subjects were asked to perform a SLS on a flat hard surface with their non-dominant leg.
Subjects held this position for 30 seconds, while data of body sway parameters (range, angular velocity, and
acceleration) were recorded and transmitted wirelessly to a computer for storage and analysis.

Results: Compared with the leg sway, the trunk displaying a larger range in faster speed and greater acceleration
than the leg primarily in the sagittal (anterior-posterior) direction (all p <.05). Also, quicker speed in axial plane,
and greater acceleration in both axial and frontal planes were observed in trunk than in leg (p <.05); but no
obvious differences were identified in range of sway in these two planes (P>.05).

Conclusions. During SLS on the non-dominant left leg, the whole body stays more toward left in frontal and axial
planes but sways more in sagittal plane. These data may provide baseline information for future studies in more
body segments and in elderly people as well.
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As an assessment for both static and dynamic
balance, single leg stance (SLS) is commonly
used by clinicians in clinical and community
settings to evaluate a person’s motor function

and balance [1,2]. Ability to stand on a single
leg with confidence is critical for one to hold a
proper posture against gravity in order to
perform many activities of daily living (ADL), for
example, when one puts an item to an overhead
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(COG) within the base of support (BOS) with
minimal body sway[9]. The BOS is formed by
both feet if one stands bipedally or by the single
standing foot if one stands unipedally. Postural
sway has been intensively studied regardless
of whether subjects stood on both feet [10, 11]
or on a single foot [9,12,13]. However, when
postural sway was assessed, force plates were
often used in taking the measurements, like
ground reaction force, the strategy and velocity
of the whole body sway [14,15]. In reality, force
plates are bulky, costly, and unable to assess
the movement of body segments [14-16]. With
these being the case, studies have identified the
cost-effective, easy-to-manage, wearable, iner-
tial sensors for assessment of postural sway
[12.17,18]. The wearable inertial measurement
units (IMUs) have been demonstrated to be ef-
fective and reliable for evaluation of  direction,
velocity, range, and acceleration of body sway
[17,18,20].
IMUs have been extensively used for balance
and gait evaluation. A single IMU could be used
when an individual’s whole body was considered
as a single unit; or two or more IMUs could be
used when different body segments of the indi-
vidual were assessed [19-21]. These IMUs were
primarily utilized when subjects were during
bipedal stance time [20,21], but IMU for
subjects in unipedal stance was also reported
before [12]. However, so far, application of more
than one IMU on persons in single leg standing
has not been investigated. Therefore, the
purpose of this study was to use a small,
wearable IMU-based balance assessment
instrument to investigate how different body
segments (Lower extremity and trunk) respond
during static standing while maintaining a SLS.
We believe that results from this project would
provide insightful information before we conduct
the similar study in older adults.

shelf. During a gait cycle, the stability of one
leg during stance phase (namely the SLS period)
is also the pre-condition of swing phase and foot
initiation of the opposite leg, which can be
achieved by keeping the whole body’s center of
gravity within the base of support formed by the
bottom of the standing foot. If one cannot
control him/herself while maintaining balance
on one leg, it will be very difficult or even inca-
pable of conducting dynamic body movements
against gravity. Thus, it is understandable that
the static SLS can be the prerequisite of dynamic
functionality.
There are internal and external factors that may
affect the static balance [3]. Compared with the
external factors like hard/soft surface, bright or
dim environment which are more controllable,
the internal factors including the person’s
medical, musculoskeletal, proprioceptive, visual,
and vestibular conditions may be more challeng-
ing to deal with for rehabilitation. Muscle
strength, joint flexibility, cardiopulmonary
endurance, even the foot positions are all more
or less related to sensorimotor musculoskeletal
adjustment during balance time.
One of musculoskeletal involvements for
balance could be how different body segments
participate in the adjustment in response to the
body balance. It has been revealed that with
multisensory feedbacks to the central nervous
system (CNS) and sensorimotor control of CNS,
leg and trunk segments could coordinate to
maintain balance in different directions [4],
angular excursions [5], and postures and
activities [5,6]. During the time, body segments
might response differently. Wu G, et al (1998)[7]
measured the range of motion  (ROM) on
sagittal plane during the time for involuntary
balance in a healthy population (20 to 70 years
old), they found that the upper body showed
more ROM than the lower body, and the older
one aged, the more ROM the upper body
demonstrated.  Later Yu JH, et al, (2014) [8]
reported that muscles in both upper body
(e.g., the trunk) and lower body (e.g., legs) were
active in maintaining static standing balance,
but the leg muscles played more important role
in the task than the trunk muscles.
Standing balance can be defined as one’s
ability to maintain his/her center of gravity

METHODS

This was a cross-sectional study design to
assess the sway of leg and trunk during single
leg stance.
Subjects: This study was conducted in the
principle investigator ’s (PI) research lab.
Subjects for the study were recruited through
sample of convenience from physical therapy
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graduate students in the PI’s institution. By
means of bulletin posts, emails, and classroom
announcement with explanations of the study’s
purpose, inclusion and exclusion criteria (see
below), 19 (10 males and 9 females) young
healthy participants were qualified and recruited
to be subjects. This project was approved by the
principle investigator’s Institutional Review
Board. All subjects were required to sign an
informed consent form before being screened
for participation in this study based on selec-
tion criteria below.
The inclusion criteria included: 1). being free
of pain or injury within the past six months;
2). be between 20-35 years of age; 3). free of
any upper and lower extremity, or spinal
abnormalities (like contracture, scoliosis, and
kyphosis); 4). dominant leg on the right which
was defined as the leg being able to comfort-
ably kick a ball when the opposite one was
standing [22]; and 5). able to maintain a single
leg stance on the left leg for a minimum of 30
seconds on a level surface.
The exclusion criteria were: 1). taking any
prescribed medication in last 3 months; 2). any
ailments that might lead balance deficit (unable
to do SLS over 30 seconds); 3). flat foot on the
left side measured with the Staheli arch method
[23], 4). BMI was over 25 or more, or 5). refusal
to sign informed consent.
Instruments: The wearable inertial multisensory
unit (IMU) is a single integrated circuit package
that consists of a 3-axis gyroscope, 3-axis
accelerometer, and 3-axis magnetometer
[17,20,24,25].  This unit is able to measure
postural sway in terms of direction, angular
velocity, and linear acceleration in 3-D space
[17,21,25]. Currently IMUs have been considered
as feasible and valid as the force plate for
evaluating postural stability, balance, and joint
angular movement [16,20,25] with good reliabil-
ity (Cohen’s kappa = 0.79) [20]. In this study,
two wearable IMUs (Alda Balance Gear - ABG,
Alexandave Industries Co., Taiwan) were utilized
for the purpose of the project. Also two laptops
were used to receive data wirelessly from each
of ABGs.
Procedure: To begin the assessment, investi-
gators established the subject’s leg dominance
by employing the ball kick method – the leg that

kicked the ball as the dominant one [22]. Two
ABG devices were secured with straps at two
locations on the subject’s posterior body: the
1st one at the midline of 4th -5th lumbar vertebral
level to assess trunk sway;  and the 2nd one at
the popliteal fossa immediately below the knee
joint line of the non-dominant leg to assess the
lower extremity sway (Figure 1A). Before the
formal testing, 10 people from our recruited
subjects were randomly picked for preliminary
inter-rater, intra-rater, and inter-instrument
reliabilities of these two ABGs, and these
reliabilities were 0.80 or above. It should be noted
that we struggled for which one is more securely
stable and reliable for the IMU placement on
the leg between the tibial tuberosity and the
popliteal fossa below the knee joint line among
these 10 subjects. It turned out that the tibial
tuberosity is way more unreliable (r <0.36) than
the popliteal fossa below joint line (r > 0.80) in
terms of intra-subject and intra-rater reliabilities
during static stance time.
After both ABG devices were secured and
subjects being given initial verbal explanation
and visual demonstration by the same investi-
gator, the subjects were asked to stand on the
non-dominant (left) foot on a level hard surface
as comfortably as possible while lifting the
dominant (right) foot off the floor to the level of
medial malleolus of the left foot and maintain-
ing an upright posture with hands by the
side(Figure 1A). Then, the investigator for as-
sessment synchronized these two ABGs (about
5 seconds) to start via a countdown to record
while subjects maintained the SLS posture for
30 seconds. The right foot touching on the floor
or on the left leg would be considered as failure
of the test. If there was a failure, the test was
re-administered after a 60 second rest period.
Once completed the subjects were to wait five
minutes to repeat the test. Data from two
successful trials were processed and recorded
through the attached ABG software and
transmitted wirelessly to a computer for data
storage and later analysis.
Data Analysis: The IBM SPSS statistic software
(Version 26, SPSS inc., Chicago, IL, USA) was used
for this study. Collected data (range, angular
velocity, and acceleration of sway on different
directions) were presented with mean and stan-
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-dard deviation. These continuous dependent
variables from two different locations (trunk and
non-dominant lower extremity) were processed
with the paired t test. The level of statistical
significance was set at 0.05.

 B 

Fig. 1: A. The posterior view of a subject in single leg
standing on the left side. The half-palm sized Alda Bal-
ance Gear (ABG) is shown in the light blue box: 1st one
(ABG-1) placed at the popliteal fossa immediately be-
low the knee joint line of the left leg, and 2nd one (ABG-2)
placed along the posterior midline at the L4-5 vertebral
level. B. A human figure stands on the left foot on a 2-D
floor – one on the sagittal plane (axis) from posterior (-
) to anterior (+), and other one on the frontal plane (axis)
from the left (-) to the right (+). The vertical line through
the center of base of support is near the ankle joint.
ABG-1 and ABG-2 are able to catch leg and trunk move-
ments respectively  in 3-D space. On the 2-D (sagittal
and coronal) planes, the figure stays toward the left and
sways more posteriorly (red arcs); while on the axial
(transverse) plane, both the leg and trunk rotate toward
the left (green arcs).

As shown in Table 1, in the sagittal (anterior-
posterior) plane, the trunk sway was signifi-
cantly different than the standing leg in terms
of range, velocity, and acceleration of sway (all
p <.05) –  both leg and trunk swayed more
posteriorly, but trunk did more range, faster
speed, and greater acceleration than the leg.
However, in both frontal (side-bending toward
left or right) plane and axial (rotating toward
left or right) plane, no statistically significant
differences were found in range and velocity of
sway between the leg and the trunk (all p>.05);
but significant differences were still identified
between the leg and the trunk in sway
acceleration (p <.05) – leg accelerated less than
the trunk in the frontal plane, but more than the
trunk in the axial plane. An interesting finding
was that on the axial plane (Table 1), the ranges
of rotation toward left for both leg (25.770 in
average) and trunk (27.110 in average). There
was no significant difference between the leg
and trunk (p = .937) on the axial plane, but these
values of range on this plane were much bigger
than those on sagittal and frontal planes. By
putting all planes together in a 3-D space, in
general subjects swayed and rotated their
bodies more leftward and backward when
standing with the single leg on the left – an
inverted pendulum with more range of sway in
the sagittal plane (Table 1 and Figure 1B).

RESULTS

Parameters Planes Body Parts Mean ± SD P values

Range (degrees) *Sagittal Plane Leg -.19 ± 1.18 .003

Trunk -1.59 ± 1.41

**Frontal Plane Leg -.28 ± .48 .159

Trunk -.06 ± .29

***Axial Plane Leg -25.77 ± 75.33 .937

Trunk  -27.11 ± 81.20
Angular Velocity Sagittal Plane Leg .01 ± .07 0.037

Trunk .04 ± .09

Frontal Plane Leg -.04 ± .04 .689

Trunk -.03 ± .05

Axial Plane Leg .07 ± .17 0.181

Trunk .01 ± .13

Acceleration (g-force) Sagittal Plane Leg -.001 ± .06 .022

Trunk .05 ± .09

Frontal Plane Leg .29 ± .12 0.011

Trunk .36 ± .08

Axial Plane Leg .97 ± .03 0.006
Trunk .94 ± .02

Table 1: Sway of Leg and Trunk in
3-D Spaces.

*on sagittal plane: + indicates
swaying forward and - does
backward
**on frontal plane:  + indicates
swaying rightward and - does
leftward
***on axial plane: + indicates
rotating rightward and - does
leftward
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DISCUSSION
body segments.
Leg and trunk sway in 3-D space during single
leg stance: As of how the leg and trunk response
in different planes in a 3-D space during SLS has
not been fully investigated before. Based on the
current study, both the leg and trunks worked
coordinately and individually (Figure 1B).
Together, both segments moved to sway the
body leftward a little bit and backward much
more (Table 1) when the subject stood on the
left leg. Individually, on the sagittal (anterior-
posterior) plane, significant differences with the
bigger range (-1.59 vs -0.19), faster velocity, and
greater acceleration were revealed on the leg
segment than on the trunk segment. On the
frontal(left-right) plane, both trunk and leg had
tiny change in sway range (-0.06 vs -0.28), but
the trunk moved in quicker speed and greater
acceleration than the leg. While on the axial
plane, both trunk and leg had much bigger but
not significant difference in range of sway
(-27.11 vs -25.77), but the trunk had more
decreased acceleration compared with the leg.
These together give an ellipsoid (instead of a
circular) “inverted pendulum” movement – body
sways more in sagittal plane after the body finds
and secures a “stable” position by leaning and
rotating the body leftward on both frontal and
axial planes to certain degrees during static
stance. This may indicate that young healthy
subjects in this study may secure relative
stability in two (frontal and axial) planes to
ensure safe body sway in another (sagittal)
plane. It for sure intrigues us to conduct the next
similar study with a group of healthy older adults.
In addition, we assume that movement of
seeking postural stability on frontal and axial
planes during the SLS could be resulted from the
body’s compensatory response to the lifted right
lower extremity. Kinematically, rotation and
sway toward left and posteriorly could lead the
left hip joint and facet joints on the left side of
the vertebrae in close-packed positions, which
could make the body more rigid to fight against
any potential balance disturbance [29]. All of
these kinematic reactions might be coordinated
and controlled by the central nervous system
based on peripheral feedback of motion [4].
Study limitations: This study had a few limita-
tions. First, in this study, we only explored the

Ankle and hip joints for leg and trunk move-
ments: During static stance, the ankle joint plays
a critical role in providing fundamental and
lowest joint stability by using its surrounding
muscles to maintain the upright posture.
However, when a static stance is influenced by
a big perturbation and is no longer able to be
controlled by the ankle joint, the hip joint could
kick in to counteract any potential falling of the
body [26]. It was found that postural corrective
action occurs at multiple joints [27], primarily
at hip and ankle joints [5,8]. At bipedal
standing, leg and trunk coordinated to maintain
the posture in angular excursion through the
interactive feedback information from the ankle
and hip joints [5]. The present study is in
agreement with the early report [8] that in the
upright posture with whole body weight on the
dominant leg (single leg standing), the lower
extremity provides more stability than the trunk.
Regardless of unipedal or bipedal stance, Lower
extremity muscles seemed to play more impor-
tant role in maintaining the posture than trunk
muscles [8].
Single leg stance on the non-dominant side:
The SLS is commonly used to evaluate a person’s
balance ability, because the stability of single
leg weight-bearing is often needed during daily
activities, like making a turn when walking, or
pick up an object from an overhead shelf [1].
Some researchers considered the SLS as a
dynamic, rather than static, balance test [2].
Bigoni, Tarati and Gandolla et al (2017) [28]
found that there was no difference in stance
control during SLS between dominant and
non-dominant legs in terms of postural
frequency and regularity, but Promsri, Haid, and
Enderolf et al (2018) [2] observed a significant
difference in greater postural acceleration when
standing on the non-dominant leg compared with
on the dominant leg. In our present study,
comparison of dominant and non-dominant legs
were not compared, but by studying stance on
the non-dominant leg, we did find that both the
standing leg and trunk participated in the
maintenance of upright posture, the sway
parameters (range, angular velocity, and
acceleration) are different between these two
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lower extremity and the trunk when the whole
body was looked as a single unit in an upright
posture.  However, among the kinematic chain
of joints from foot to the head, there are more
than two body segments that involve balance
maintenance. For more accurate data, more
sensors for more body segments could be
applied. Second, this study recruited only young
healthy subjects. The results could not be
generalized to the elderly population, but could
be useful reference to the population. The third
limitation is the that the recording started only
10 seconds after the SLS on the floor. We are
not sure if 10 seconds were enough for a
subject to adjust the body for “quiet” SLS.  Lastly,
it could be more informative if we did SLS
comparison between the dominant leg and the
non-dominant leg. In our future research plan,
we will place sensors on both lower extremities
and body parts with more body adjustment time
(>10 seconds) in young persons, and also plan
to conduct similar studies in older adults.

CONCLUSION

To our knowledge, this is a very first  study that
examined how two body segments response
during static single leg stance time. The results
of this study showed that during SLS on the
non-dominant leg, the whole body sways more
toward the stance side and posteriorly.
Compared with the leg sway, the trunk display-
ing a larger range in faster speed and greater
acceleration than the leg primarily in the sagit-
tal (anterior-posterior) direction, and also quicker
speed in axial plane, and greater acceleration
in both axial and frontal planes. Such data may
provide baseline information on how body
segments may respond during SLS balance.

Conflicts of interest: None
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