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Abstract

Background: Falls are a major public health problem among older
adults since they are a primary cause of injuries, functional decline
and mortality. Identifying individuals susceptible to falls enables ear-
ly intervention and prevention strategies. Currently, wearable sensors
have emerged as a promising tool for assessing balance and mobil-
ity due to their affordability, compact size, and established efficacy.
Therefore, the objective of the present study was to evaluate inertial
measurement unit (IMU)-based postural sway metrics during quiet
stance with four different bases of support and compare them among
elderly individuals who are at risk of falling and those who are not.

Methods: A triaxial IMU prototype was developed for evaluating pos-
tural sway during quiet stance, with various bases of support. Totally,
103 elderly participants with mean age of 68.5 + 5.7 years were included.
Sway metrics, including the root mean square (RMS) of magnitude, sum-
mation of range of signal (Range), summation of sway area (SA) and
summation of distance (SD) were employed to detect sway perturbations.

Results: All of the sway metrics revealed a significantly increasing
magnitude of signal trajectory with a decreasing base of support.
When comparing IMU sway metrics between groups of individuals at
potential risk and non-risk of falls, statistically significant differences
were observed in some variables, including RMS, Range, and SA dur-
ing semi-tandem stance, and Range and SA during one-leg standing.

Conclusions: The findings support earlier studies that demonstrated
the objective nature of the IMU in assessing balance and predicting
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future risk of falls. Limited significant findings in this study may be
due to the lower sampling rate of the IMU prototype (50 Hz) com-
pared to commonly reported frequencies (100 Hz), as well as the in-
clusion of elderly ambulatory participants who were capable of being
independent in their daily activities. The IMU is capable of providing
comprehensive data, and detecting subtle changes, early signs of bal-
ance impairment and fall tendencies.

Keywords: Wearable sensor; IMU; Inertial sensor; Postural sway;
Static balance

Introduction

Falls are the major cause of long-term health problems or mortal-
ity in the elderly population. Since 1990, total global deaths and
disability-adjusted life years (DALY's) have increased consistent-
ly due to falls, with mortality counts almost doubled by 2017 [1].
The World Health Organization estimated that falls are the second
leading cause of unintentional injury deaths worldwide, and the
most common cause of injury-related hospital admissions among
older adults [2]. The incidence of falls and associated injuries is
expected to rise, not only due to the growing population of older
adults, but also because of the increasing prevalence of multimor-
bidity, numerous medications, and increased frailty within this
group [2, 3]. Injuries from falls are the leading cause of disability,
resulting in various serious consequences, such as hip fractures
and traumatic brain injuries, which significantly impact long-
term functional abilities [4]. Older adults face an increased risk
of falls due to age-related physiological changes, including poor
balance, impaired vision, hearing loss, medication-induced diz-
ziness, and physical conditions associated with musculoskeletal
and neurological problems. Postural control is a complex motor
skill, based on interaction of dynamic sensorimotor processes and
the ability to orient the body parts with respect to gravity, support
surface and visual surround, and internal references are a critical
component of postural control [S]. Postural stability is a major
fundamental for achieving balance by maintaining body center
of mass (COM) within the limit of stability, with minimal sway
[6, 7]. Thus, the measurement of postural instability, by evaluat-
ing COM displacement coordinates during quiet stance, could be
utilized in forecasting the incidence of falls, as reported in earlier
studies [8-12]. Clinical assessments of fall risk, such as the Berg
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Table 1. Demographic Data and Balance Test of the Elderly Participants

Potential risk (n = 68)

Non-risk (n = 35)

Description P value
Mean (SD) Min/Max Mean (SD) Min/ Max
Age (year) 68.5 (5.64) 60/87 68.4 (5.80) 60/84 0.66
Weight (kg) 56.41 (11.25) 29/85 54.14 (10.12) 30/72 0.32
Height (cm) 155.76 (7.71) 137/175 156.03 (7.74) 138/170 0.87
BMI (kg/m?) 23.24 (4.29) 33.20/12.23 22.25 (4.07) 13.33/30.22 0.32
Gait speed (m/s) 0.81(0.14) 0.34/0.99 1.13 (0.11) 1/1.51 <0.001%*
SPPB 10.84 (1.31) 6/12 11.91 (0.28) 11/12 <0.001*
Thai-FRT 2.37 (1.65) 0/8 1.80 (1.08) 0/5 0.04*

*Significant difference at P < 0.05. BMI: body mass index; SPPB: Short Physical Performance Battery; Thai-FRT: fall risk assessment test, Thai ver-

sion; Min: minimum; Max: maximum.

Balance Scale and Timed Up and Go, are used widely in health-
care settings to determine the likelihood of falls among older
adults [1-3]. However, these approaches are subjective and lack
discriminative ability [4, 12]. Laboratory examinations such as
posturography using force platforms and optoelectronic systems
have been used to provide objective and reliable measurements
for balance evaluation. The displacement trajectory of center of
pressure (COP) represents balance performance [9, 13, 14]; al-
though this is recognized as standard equipment, it is not appro-
priate for employment in routine clinical settings, as it needs to be
used in a costly laboratory setting [15, 16]. To date, an alternative,
based on wearable sensors such as the inertial measurement unit
(IMU), is a promising solution for developing a wearable moni-
toring system, because of its low cost, compact size, and proven
ability to evaluate balance and gait [4, 17, 18]. The integration
of accelerometers, gyroscopes, and magnetometers provides ac-
curate information on body spatial orientation and motion, as well
as ability to detect the trajectory of COM, in order to maintain
standing balance within the limits of stability. The IMU cap-
tures three-dimensional motion and has demonstrated accuracy
when compared to standard devices such as force platforms and
motion-capture systems [17, 19, 20]. Previous research revealed
a significant correlation between accelerometer measures and
force-plate-derived COP values, specifically for normalized path
length, root mean square (RMS), and peak-to-peak values across
various standing balance test conditions [14]. A previous study by
the authors utilized supervised machine learning to determine the
COP trajectory of a force-plate system, based on inertial sensor
metrics, yielding excellent agreement between the two measures
(intraclass correlation coefficient (ICC): 0.89 - 0.95) [21]. There-
fore, the objective of this study was to evaluate IMU-based pos-
tural sway metrics during quiet stance with four different bases of
support and compare them among elderly individuals at risk and
non-risk of falls based on clinical balance tests.

Materials and Methods

Participants

A total of 103 older adults (66 females and 37 males, aged
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68.5 £ 5.7 years) were recruited from Chiang Mai province,
Thailand. All of them were able to walk independently in their
daily lives and reported being free of any neurological or mus-
culoskeletal disorders, as well as severe visual impairment that
impacted balance. Sixty-eight participants were in the poten-
tial risk of falling group with an average gait speed of 0.8 m/s,
while 33 in the non-risk group had an average gait speed of 1.13
m/s. Participants in the fall risk group were classified based on
their gait speed of less than 1 m/s [22]. The Short Physical
Performance Battery (SPPB) is an objective measurement in-
strument of balance, lower extremity strength, and functional
capacity in older adults [23]; and the fall risk assessment test,
Thai version (Thai-FRT), is composed of six factors, includ-
ing history of falls, impaired balance, being female, specific
medication used, impaired visual acuity and Thai style house
[24], and used to differentiate among the potential risk and
non-risk group. The demographic characteristics of the par-
ticipants are shown in Table 1. Age, weight, height, and body
mass index (BMI) were not significantly different between the
groups. Gait speed, Thai-FRT and SPPB revealed significant
differences between the groups. All procedures were approved
by the Ethics Committee, Faculty of Associated Medical Sci-
ences, Chiang Mai University (study code AMSEC-63EX-056
(2020)). The study was conducted in compliance with the ethi-
cal standards of the responsible institution on human subjects
as well as with the Helsinki Declaration.

IMU sensor and data acquisition

This study developed an IMU prototype with a box measuring
60 x 65 x 25 mm in size, a weight of 79 g, and battery capacity
0f 2,000 mAh for 10-h continuous data collection. IMU signals
were processed using a third-order high-pass Butterworth fil-
ter, with a sampling frequency of 50 Hz to minimize the impact
of high-frequency noise. The sensor was attached to the L4-5
vertebrae region near the COM using an elastic belt, ensuring
alignment of the sensor axes with the anatomical directions in
the anteroposterior (AP), mediolateral (ML), and vertical (V)
orientations (Fig. 1).

The gyroscope-derived angular velocities in three-dimen-
sional axes (X, y, and z axes) were transmitted via WIFI to
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Figure 1. A prototype of the inertial sensor system. (a) Sensor placement in relation to the center of mass (COM) at the L5
vertebra in the lumbar region. (b, c) Subcomponents of the inertial measurement unit (IMU). (d) An assembled IMU.

computer laptop, where a web-based application examined the
perturbation of postural sway. The time-domain parameters
were determined in order to quantify the magnitude and trajec-
tory of postural sway in accordance with the earlier studies of
Martinez-Mendez et al [15], Rouis et al [20], McManus et al
[25] and the authors of this study [21]. The following metrics
were utilized in these studies to detect sway perturbations: the
RMS of magnitude, the generalized mean of the quadratic rep-
resenting the average of signals, the Range, the summation of
the range of signals, the summation of the sway area (SA) or
area spanned from the signals normalized with respect to the
duration of the measurement, and the summation of distance
(SD) or total trajectory length. These metrics were calculated
using equations 1) to 4) provided below:

_ XL M)
RMS =, S )

Range = max (M(n))—min (M(n)) )
SD =%, [ M(n)—M(n 1) 3)
SA = Ltz M(n)dt 4)

where M(n)=\/Gi(n)+G§(n)+G§(n) was the magnitude of
three angular velocities in x, y and z axes (G,(n), Gy(n) and
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G,(n)) at the nth sampled point. N was the total number of
points sampled from time period t, to t,.

The initial and last five seconds of each signal were elimi-
nated in order to provide potential movement artifacts at the
beginning and end of the balance test. All signal processing,
feature extraction, and analyses were performed using MAT-
LAB version 2021a (The Mathworks Inc., Natick, MA, USA)

(Fig. 1).
Experimental procedure

The participants were instructed to perform a static stand-
ing balance test on a flat firm surface, in which the base of
support was reduced gradually under four different condi-
tions (Fig. 2) consisting of standing stance with arms at sides
(ST), semi-tandem stance (S-TD), tandem stance (TD) (front
of non-dominant foot placed beside heel of dominant foot),
and one-leg standing (OLS). The participants were provided
with instructions and trailed until achieving accurate perfor-
mance prior to undertaking assessments. During the tests,
the participants were asked to remove their shoes, arms at
their sides and head in a normal forward-looking eye posi-
tion and remain as still as possible in an upright standing
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Figure 2. Static standing balance test under four conditions: standing stance with arms at sides (a), semi-tandem stance (b),
tandem stance (front of non-dominant foot placed beside heel of dominant foot) (c), and one-leg standing (d).

position for 30 s. To ensure participant safety, a research as-
sistant stood on either side of the individual throughout the
testing protocol (Fig. 2).

Statistical analysis

Continuous variables included demographic data (age, weight,
height, BMI, and gait speed), and sway metrics were illustrated
as the mean, standard deviation, and minimum and maximum
values. Comparison between the two groups was carried out by
a nonparametric test, due to the absence of normality and equal
variance among them. Therefore, the Mann-Whitney U test was
conducted for the two groups, and the Kruskal-Wallis test for
multiple comparisons, with a pairwise post hoc analysis with the
former. All statistical analyses were conducted with SPSS17.0
software (Illinois, USA), using a 95% level of significance.

Table 2. Body Sway of IMU Variables for Each Test Condition

Results

The average magnitudes of IMU metrics, including standard
deviation and maximum and minimum values, for control-
ling balance in four static stance conditions among older in-
dividuals are presented in Table 2. Based on the hypothesis
in this study, observation of increased sway metrics in older
individuals was expected, as indicated by the RMS, Range,
SA and SD parameters, when balancing on a narrower base
of support, indicating greater postural control challenges. To
assess these differences, a nonparametric Kruskal-Wallis test
was conducted for multiple independent variables, and a post
hoc analysis using pairwise Mann-Whitney U tests revealed
statistically significant differences (P < 0.001) between each
testing procedure for all IMU parameters (Table 2, Fig. 3).
Based on the gait speed of less than 1 m/s, the participants
were categorized into two groups: non-risk and potential risk

Variable ST 51D

Mean =+ standard deviation Max/Min Mean =+ standard deviation Max/Min
RMS (degree/s) 1.436 £1.15 9.998/0.616 1.769 £1.102 6.315/0.733
Range (degree/s) 3.534+3.84 28.973/1.060 4,619 +4.412 24.153/1.178
SA (degree) 10.756 + 7.59 69.918/2.030 12.999 + 6.962 47.220/2.113
SD (degree) 62.867 +47.69 470.535/30.824 82.572 + 44.542 297.023/28.664
Variable D OLS

Mean =+ standard deviation Max/Min Mean =+ standard deviation Max/Min
RMS (degree/s) 2.630 + 1.94° 12.732/0.876 5.193 +5.53¢ 39.025/1.509
Range (degree/s) 6.704 £ 5.93> 38.338/1.609 13.256 + 17.88° 117.180/2.379
SA (degree) 19.334 + 12.95° 82.514/7.122 33.940 +25.06° 168.009/3.290
SD (degree) 130.218 + 88.56P 573.348/42.351 216.006 + 168.29¢ 1,186.118/18.933

aCompared with ST, significant difference at P value < 0.001 (pairwise Mann-Whitney tests). ®PCompared with S-TD, significant difference at P value
< 0.001 (pairwise Mann-Whitney tests). “‘Compared with TD, significant difference at P value < 0.001 (pairwise Mann-Whitney tests). IMU: inertial
measurement unit; ST: standing stance with arms at sides; S-TD: semi-tandem stance; TD: tandem stance; OLS: one-leg standing; RMS: root mean
square of magnitude; Range: summation of the range of signals; SA: summation of the sway area; SD: summation of distance.
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Figure 3. Summation of distance (SD), the sway diagram obtained from the IMU under each testing condition: (a) standing
stance with arms at sides, (b) semi-tandem stance, (c) tandem stance and (d) one-leg standing. IMU: inertial measurement unit.

of falling. A comparison was carried out between the Thai-FRT
and SPPB, which revealed significant differences between the
two groups. When the IMU sway metrics were compared be-
tween the two groups, it became apparent that some of the
IMU variables, which included the RMS, Range and SA dur-
ing S-TD, and Range and SA during OLS, had statistically sig-
nificant differences (P < 0.05) (Table 3, Fig. 4).

Discussion

Maintenance of balance and body stability is necessary for
people to participate in daily activities of living movement,
which results from complex interaction between the sensory
(visual, vestibular, and somatosensory) and motor systems,
with integration from the central nervous system [6]. Fall-
ing is recognized as a serious health issue for the elderly, as
it impacts not only themselves and their families, but also
economically. As a result, surveillance and preventive actions
should be prioritized. Assessing body sway during quiet stand-
ing is a well-established method for evaluating the ability of
the human neuromuscular system to integrate and maintain
an upright posture, thereby ensuring balance. With the current
development of wearable sensor technology for measuring
variables associated with standing balance, systematic studies
by Ghislieri et al [17], Baker et al [26], Subramaniam et al
[18], and others [4, 9, 11, 20] have demonstrated the ability of
inertial sensors to identify postural sway and overcome clini-
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cal tests or a laboratory setting.

The objective of this study was to investigate changes in
parameters derived from IMU signals under varying balance
situations, depending on the area of support. Its findings sup-
port the established understanding of balance control; and with
the principle that a wider base of support enhances stability, a
larger area for the center of gravity (COQG) to shift is provided,
while maintaining equilibrium [5]. The results demonstrate an
association between decreasing area of support and increased
difficulty in maintaining balance. This is evident in the sig-
nificantly higher magnitude of sway trajectory observed in the
single-leg stance, compared to other test conditions. Further-
more, the significant differences observed across all param-
eters in varying test conditions suggest that the calculated met-
rics obtained from the IMU prototype are sensitive to changes
in balance control strategies, which was employed by the par-
ticipants. This provides evidence that the IMU-based approach
has potential for an accurate assessment of balance function,
particularly in situations influenced by lower limb function, as
investigated in this study.

Despite the test conditions, parameters and sensor place-
ment location were all based on recently reviewed studies [4,
17, 26]. Statistically significant differences were found in a
few parameters when comparing between participants in the
non-risk and potential risk of falling groups, including the
RMS, Range, and summation of SA during S-TD, as well as
the Range and SA during OLS (Table 3). This study identi-
fied the risk group based on low gait speed and confirmed it
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Table 3. IMU Body Sway Variables Between Non-Risk and Risk of Falling

Variable

SBS, mean (standard deviation)

STD, mean (standard deviation)

Data

Data

Risk Non-risk Palue Risk Non-risk Falue
RMS (degree/s) 1.44 (1.15) 1.77 (1.10)

1.53 (1.31) 1.25 (0.73) 0.19 1.94 (1.20) 1.44 (0.80) 0.01*
Range (degree/s) 3.53 (3.84) 4.62 (4.41)

3.89 (4.41) 2.84 (2.26) 0.33 5.09 (4.64) 3.70 (3.82) 0.04*
SA (degree) 10.76 (7.58) 13.00 (6.96)

11.39 (8.79) 9.52 (4.25) 0.23 14.22 (7.75) 10.63 (4.26) 0.01*
SD (degree) 62.87 (47.69) 82.57 (44.54)

67.05 (1.20) 54.73 (18.02) 0.36 89.02 (50.93) 70.04 (24.38) 0.11

TD, mean (standard deviation) OLS, mean (standard deviation)
Variable Data Data
P value P value

Risk Non risk Risk Non-risk
RMS (degree/s) 2.63 (1.94) 5.19 (5.53)

2.89 (2.23) 2.13(1.03) 0.08 5.17 (4.30) 5.24 (7.43) >0.05
Range (degree/s) 6.70 (5.93) 13.26 (17.88)

7.45 (6.85) 5.26 (3.17) 0.11 13.39 (14.04) 12.99 (23.89) 0.03*
SA (degree) 19.33 (12.95) 33.94 (25.06)

21.01 (14.79) 16.08 (7.45) 0.07 34.53 (20.36) 32.79 (32.63) 0.04*
SD (degree) 130.22 (88.56) 216.01 (168.29)

139.18 (101.86) 112.81 (51.11) 0.41 215.94 (128.23) 216.14 (229.27) 0.11

*Significant difference at P value < 0.001, Mann-Whitney U tests. IMU: inertial measurement unit; ST: standing stance with arms at sides; S-TD:
semi-tandem stance; TD: tandem stance; OLS: one-leg standing; RMS: root mean square of magnitude; Range: summation of the range of signals;

SA: summation of the sway area; SD: summation of distance.

with clinical tests such as the SPPB, as previously reported
[22, 24, 27, 28]. One potential factor could be attributed to
the procedure of the data collection, which comprised am-
bulatory elderly participants, including those within the risk
group, who retained the ability to walk independently on a
daily basis. The prototype’s lower sampling rate of 50 Hz,
compared to the reported sampling frequency of 100 Hz in
systematic reviews, may have contributed to limited signifi-
cant findings in this study [17, 26, 29]. However, a distinct
benefit of the custom-built prototype is that it may provide
access to raw data, thus enabling researchers to validate find-
ings, develop new algorithms, and expand various types of
motion analysis studies. This is a major advantage over com-
mercial IMUs.

In conclusion, the findings of this study are consistent
with earlier research, by demonstrating that the IMU is an
objective assessment for balancing and predicting the prob-
ability of future falls [20, 26, 30]. They provide data from
multiple axes, allowing for comprehensive evaluation of bal-
ance control, which contributes to better understanding of bal-
ance capabilities and fall risk factors in individuals. The IMU
also has the potential to detect subtle changes or early signs of
balance impairment and fall tendencies. As a result, it offers

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

a portable and affordable option for balance assessment, with
the added benefit of real-time monitoring, which makes it
accessible in various settings such as clinical facilities, com-
munity centers, and home-based monitoring. However, given
that this study was preliminary in nature, improvements to
the IMU prototype, particularly in terms of sampling rate, are
necessary for capturing small perturbations accurately. Future
studies should focus on evaluating sway axes, such as antero-
posterior and medio-lateral sway and incorporating the ankle
strategy as a discriminating parameter for individuals at risk
of falling.
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Figure 4. Boxplot depicting the median (50th percentile) and maximum and minimum values for each IMU parameter of the static
standing balance test under the four conditions among both the non-risk and potential-risk groups (a) RMS. (b) Range. (c) SD.
(d) SA. ST: standing stance with arms at sides; S-TD: semi-tandem stance; TD: tandem stance; OLS: one-leg standing; RMS:
root mean square of magnitude; Range: summation of the range of signals; SA: summation of the sway area; SD: summation of

distance; IMU: inertial measurement unit.
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