ELMER
PRESS

’ '.) Check for updates‘

Orriginal Article

J Clin Med Res. 2025;17(4):200-207

Evaluating Postural Sway in the Elderly Using Inertial
Measurement Units: A Study on Center of Mass
Measurements via Accelerometers
and Gyroscopes

Siriphan Kongsawasdi®®, Pummarirat Bunjan?, Molthicha Wongjak?,
Witchayaphorn Saenmueng?, Kittichai Wantanajittikul® ©

Abstract

Background: Assessment of center of mass (COM) changes during
static stance control has practical implications in clinical settings, no-
tably among older adults. Recently portable and wearable devices, in-
cluding accelerometers and gyroscopes, have emerged as a promising
alternative to traditional clinical and laboratory assessments. The ob-
jectives of the study were to evaluate COM postural sway parameters
derived from accelerometer and gyroscope data during static balance
tasks with varying bases of support in healthy elderly individuals, and
to examine the correlation and agreement between accelerometer-
based and gyroscope-based parameters in postural sway assessment.

Methods: One hundred and fourteen healthy elderly individuals who
had not experienced falls within the preceding 6 months and were
confirmed to have no risk of falling as determined by the timed up and
go test, were included in this study. They were evaluated for postural
sway while standing, using the sensor securely with a belt attached to
the L5 vertebra. The four-stage balance test, including standing in a
double stance (SO), semi-tandem stance (STO), tandem stance (TO),
and single-leg stance (SL), was employed to assess each participant’s
ability to maintain balance under increasingly challenging standing
positions on a stable surface.

Results: The study demonstrated that COM posture sway increased
with a demanding position and a decreasing base of support. Spear-
man’s rho correlation coefficients from the anteroposterior and me-
diolateral planes exhibited strong correlation (0.75 - 0.9). Moderate
reliability was observed for both the accelerometer and gyroscope
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parameters in both planes (intraclass correlation coefficient: 0.5 and
0.75).

Conclusions: Accelerometry and gyroscopes provide objective quan-
tification of balance that have the potential to be utilized in conjunc-
tion with clinical tests to effectively evaluate the risk of falling.

Keywords: Inertial measurement unit; Accelerometer; Gyroscope;
Center of mass; Falls

Introduction

Balance impairment among older adults represents a major
public health challenge, with falls leading to severe outcomes
including fractures, mobility loss, and reduced independence
[1, 2]. Approximately one-third of adults aged 65 and older
fall each year, making early detection of balance deficits cru-
cial for fall prevention [3]. Balance assessment methods range
from clinical tools to laboratory-based equipment. Clinical
tools included the Berg balance scale [4], timed up and go
(TUG) test [5], functional reach test [6] and Tinetti test [7].
While these tests are relatively expeditious, reliable, and offer
potentially valuable information on fall risk, they are depend-
ent on subjective evaluations by assessors. This subjectivity
can compromise their precision and reliability, and they ap-
pear to lack the capacity to differentiate effectively among
relatively healthy populations [8]. In contrast, posturographic
measures by laboratory equipment such as motion capture sys-
tems and force platform provide gold-standard measurements
of center of mass (COM) and center of pressure (COP) for
balance evaluation. Although these systems offer superior ac-
curacy, their implementation in clinical settings is often con-
strained due to their high costs and the requirement for spe-
cialized spaces [9]. Since 2002, inertial measurement units
(IMUs) have emerged as promising low-cost alternatives for
objective human movement assessment [§8, 10-13]. Body-worn
inertial sensors, which include accelerometers and gyroscopes,
possess the potential to enhance balance assessments in ambu-
latory care settings. These devices expand the range of balance
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control parameters that can be evaluated and enable a more
comprehensive analysis; however, they have unique capabili-
ties [14]. Accelerometers, now ubiquitous in smart devices
such as mobile phones, watches, and tablets, show potential
for clinical balance assessment applications [15]. These sen-
sors measure three-dimensional linear acceleration (X, y, and
z) to capture COM displacements during daily activities, ena-
bling evaluation of both static and dynamic balance through
sway patterns and stability during standing tasks [16-18]. Pre-
vious studies have demonstrated significant correlations be-
tween accelerometer-derived measures and force plate COP
data in balance assessment [19-22]. However, accelerometer
measurements can be affected by external vibrations and
movements, potentially compromising accuracy of balance
evaluations [16]. The gravity component detected by a non-
horizontal measuring axis appears to be one evident cause
of variability [18]. Gyroscopes measure the rate of rotation
around an axis, providing critical information about body ori-
entation and movement dynamics, although, less frequently
utilized and more complex to analyze, requiring integration
over time to derive angles and positions, they provide valu-
able insights into capturing balance control [13, 23]. There-
fore, the aims of this study were to evaluate COM postural
sway parameters derived from accelerometer and gyroscope
data during static balance tasks with varying bases of sup-
port (BOS) in healthy elderly individuals, and to examine the
correlation and agreement between accelerometer-based and
gyroscope-based parameters in postural sway assessment.

Materials and Methods

Participants

One hundred and fourteen healthy individuals aged over 60
years were included, comprising 56 females and 58 males.
The participants had mean values for age, weight, height, and
body mass index: 65.90 years, 57.4 kg, 158.8 cm, and 22.8 kg/
m?, respectively. They were initially selected and screened by
healthcare providers at the local health-promoting hospital pri-
or to study enrollment. Eligibility criteria required the absence
of neurological or musculoskeletal conditions and cognitive
impairments, as well as the ability to independently perform
professional or routine activities and exhibit good social inter-
action, indicative of normal mental health and behavior. To en-
sure participants demonstrated adequate balance control, they
were required to achieve a score of less than 4 points on the
Thai falls risk assessment test (Thai-FRAT) [24] and complete
the TUG test in under 13.5 s [25]. Participants were excluded
from this study if they had severe vision impairments, a his-
tory of falling more than twice within the previous 6 months,
or any chronic illnesses or conditions that might affect their
balance. The Ethics Committee of the Faculty of Associated
Medical Sciences at Chiang Mai University approved all pro-
cedures (study code AMSEC-66EX-088; 2023). The study
was conducted in compliance with the ethical standards of the
responsible institution on human subjects as well as with the
Helsinki Declaration.

Protocol and process of data

Participants were evaluated for postural sway while standing,
with the sensor securely with belt attached to the L5 vertebra
in the lower back, near the COM of the human body [26,
27]. The four-stage balance test was employed to assess each
participant’s ability to maintain balance under increasingly
challenging standing positions on a stable surface. These po-
sitions included standing in a double stance (SO), semi-tan-
dem stance (STO), tandem stance (TO), and single-leg stance
(SL) (Fig. 1). For each test, participants were instructed to
stand on the ground for 20 consecutive seconds, with resting
periods of 1 - 2 min or until they returned to a stable state.
Clear instructions were provided, directing participants to
maintain a forward gaze throughout the trials. If a participant
was unable to complete a 20-s trial, the minimum required
duration was reduced to 15 s. The experimental procedure is
illustrated in Figure 1.

Instrument

We developed the prototype of customized triaxial inertial
sensor of: 1) a 3-Space Sensor™ Nano; 2) an ESP8266 Node
MCU Wi-Fi; and 3) a 3V, 2,000 mAh lithium polymer bat-
tery with a charging module. The data were filtered using a
third-order high-pass Butterworth filter with a 50 Hz sam-
pling rate to reduce the influence of high-frequency noise and
transmitted to a personal computer (PC) through the use of
Wi-Fi. A customized MATLAB script was utilized to com-
pute the postural sway measures that were obtained from the
IMUs (Mathworks Inc., Natick, MA). Overall, the acceler-
ometers and gyroscopes provide accurate information for es-
timate motion.

Postural sway metrics

The evaluation of accelerometer- and gyroscope-derived out-
come measures involved calculating specific parameters for
each axis (X, y, and z) and representing them in the anteropos-
terior (AP) and mediolateral (ML) planes. The balance param-
eters of interest were derived as time-domain features which
were commonly used in the literature to quantify postural
stability including the root mean square of magnitude (RMS),
calculated as the square root of average of the squared values
of accelerations; range of magnitude (RANGE), defined as the
range of acceleration signals; sway area (SA), representing the
area covered by the acceleration signals normalized to the du-
ration of the measurement; and summation of distance (SD),
defined as the total distance from the center of the accelera-
tion trajectory, also normalized to the duration of the meas-
urement [11, 26]. These four parameters were systematically
computed and analyzed, providing a comprehensive basis for
comparison between accelerometer and gyroscope outcomes.
All signal processing, feature extraction, and analyses were
performed using MATLAB version 2021a (The Mathworks
Inc., Natick, MA, USA).
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Figure 1. The diagram for the experimental procedure.

Statistical analysis

Descriptive statistics were conducted to describe the COM
postural sway values from the IMU. In order to quantify the
correlation between the accelerometer and gyroscope data
obtained from the IMU, Spearman’s correlation was utilized
since the data from the IMU did not conform to the normal dis-
tribution criterion. Intraclass correlation coefficients (ICC, )),
two-way mixed-effects model, and 95% confidence intervals
were conducted to evaluate agreement between sway metrics
from the accelerometer and gyroscope [28].

Results

A total of 114 healthy elderly participants, aged 60 to 86 years,
were included in the study, as shown in Table 1.

The average values of the accelerometer-derived metrics
for all four positions, as measured by RMS, RANGE, SA, and
SD, are presented in Table 2 and presented as bar graphs in
Figure 2. These values showed an ascending order of mag-
nitude as the BOS decreased, in both the AP and ML planes,
across the following positions: SO, STO, TO, and SL.

Similarly, the gyroscope-derived metrics for all four po-
sitions, using the RMS, RANGE, SA, and SD variables, are
detailed in Table 3 and presented as bar graphs in Figure 3.

The correlation between sway metrics from the acceler-
ometer and gyroscope was evaluated, as shown in Table 4.
The results indicated a strong correlation between the gyro-
scope and accelerometer sway metrics. Spearman’s rho cor-
relation coefficients for both the AP and ML planes demon-

202

strated a good correlation, with values ranging from 0.75 to
0.90.

The ICC was then calculated to assess the agreement be-
tween sway metrics from the accelerometer and gyroscope.
The parameters evaluated included the RMS, RANGE, SA,
and SD. Results showed that all parameters from both the ac-
celerometer and gyroscope demonstrated moderate reliability,
with ICC values ranging from 0.50 to 0.70 in both AP and ML
planes (Table 5).

Discussion

Falls are a primary concern for older adults, requiring objective
evaluation of balance and postural control to provide reliable
measures of an individual’s ability to maintain stability. Wear-
able sensors, characterized by their portability, can be utilized
in diverse environments and offer enhanced sensitivity and
objectivity in detecting balance impairments compared to tra-
ditional methods such as clinical assessments or gold standard

Table 1. Demographic and Clinical Data

Characteristic Mean + SD Min - Max
Male/female, N (%) 58 (50.90%)/56 (49.10%)

Age (years) 65.90 £ 6.60 60.00 - 84.00
Weight (kg) 57.40 £9.40 38.00 - 90.00
Height (cm) 158.80 + 7.70 145.00 - 175.00
BMI (kg/m?) 22.80 +3.80 15.80 - 40.00

BMI: body mass index; SD: standard deviation.
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Table 2. AP and ML Planes of Accelerometer-Derived Sway Metrics for Each Test Condition

. SO STO TO SL
Sensor vari-
able-plane Mean + SD Mean £ SD Mean + SD Mean + SD
(min - max) (min - max) (min - max) (min - max)
RMS-AP 6.79 £ 1.56 7.59+£2.39 8.31+2.32 16.43 + 8.44
(4.14 - 14.73) (4.79 - 25.31) (4.49 - 17.50) (6.99 - 43.68)
RANGE-AP 47.49 +22.84 54.61 +36.99 56.41 + 18.85 132.22 + 88.60
(27.30 - 217.04) (30.23 - 340.39) (27.64 - 126.31) (43.84 - 513.53)
SD-AP 1,827.48 + 442.49 2,051.46 +539.91 2,265.73 £ 675.61 3,664.93 +1,697.59
(155.36 - 4,125.70) (1,247.46 - 5,208.08) (128.78 - 4,718.57) (263.45 - 10,243.82)
SA-AP 105.44 +23.84 117.38 £29.28 129.16 +37.58 203.91 £ 95.40
(9.64 - 216.12) (75.57 - 287.88) (7.45 - 270.44) (16.64 - 562.37)
RMS-ML 6.42+1.26 7.15+2.32 8.13+224 16.92+9.16
(3.98 - 11.74) (3.98 - 26.42) (4.61-21.80) (6.79 - 50.78)
RANGE-ML 44.34 + 18.19 51.20 +36.15 55.70 £20.72 138.77 £95.19
(23.00 - 162.58) (23.00 - 368.64) (27.48 - 164.75) (41.48 - 463.85)
SD-ML 1,715.77 £ 371.94 1,920.74 + 476.83 2,220.84 + 638.73 3,715.43 +£1,062.16
(172.02 - 3,150.02) (1,041.54 - 5,113.17) (151.54 - 6,118.31) (224.74 - 10,440.58)
SA-ML 99.93 +20.21 110.64 £26.26 126.48 + 35.79 205.56 + 88.28

(10.87 - 183.46)

(63.68 - 285.77)

(8.49 - 344.33)

(14.72 - 575.24)

SO: standing in a double stance; STO: semi-tandem stance; TO: tandem stance; SL: single-leg stance; RMS: root mean square of magnitude;
RANGE: summation of the range of signals; SA: sway area; SD: summation of distance; AP: anteroposterior; ML: mediolateral.

tools, which are often costly and immobile. Recognizing the
unique potential of these sensors to gather data on balance and
postural control, a triaxial IMU with a 50 Hz sampling rate was
developed to measure the COM postural sway in healthy el-
derly individuals across different BOS, with a particular focus

on comparing accelerometer and gyroscope data. The study
evaluated participants’ ability to maintain balance with open
eyes in four progressively difficult standing positions on a sta-
ble surface. We analyzed sensor-derived parameters, including
RMS, RANGE, SA, and SD in both AP and ML planes. The
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Figure 2. Bar graph depicting COM postural sway in accelerometer (RMS, RANGE, SA, and SD) ranging from a variety of in-
creasingly challenging conditions of base of support in (a) AP and (b) ML planes. COM: center of mass; RMS: root mean square
of magnitude; RANGE: summation of the range of signals; SA: sway area; SD: summation of distance; AP: anteroposterior; ML:
mediolateral.
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Table 3. AP and ML Planes of Gyroscope-Derived Sway Metrics for Each Test Condition

X SO STO TO SL
Sensor vari-
able-plane Meian +SD Mefan +SD Me.an +=SD Mezan +SD
(min - max) (min - max) (min - max) (min - max)
RMS-AP 13.76 + 6.60 15.89 £7.80 18.08 £7.53 48.52 +£38.48
(6.60 - 37.87) (6.60 - 57.53) (7.38 -49.57) (13.33 -221.85)
RANGE-AP 100.68 + 77.87 123.64 +106.13 131.41 +£79.71 368.33 +£314.66
(35.78 - 428.28) (35.78 - 809.96) (404.35 -479.31) (91.81 - 2,030.45)
SD-AP 3,927.88 +£1,702.50 4,480.53 +1,812.35 5,176.23 £2,027.73 10,358.00 + 5,467.50
(278.63 - 10,457.95) (1,965.70 - 11,185.88) (309.03 - 14,579.99) (1,805.89 - 29,778.82)
SA-AP 209.19 £ 91.48 237.03 +£96.96 274.22 £ 109.74 542.40 +288.58
(15.20 - 549.83) (108.02 - 604.03) (16.39 - 755.50) (98.16 - 1,608.70)
RMS-ML 12.31+6.84 18.07 £ 14.11 25.48 £13.57 64.98 +39.69
(5.91 - 52.28) (5.91-116.08) (7.41 - 88.73) (16.49 - 193.58)
RANGE-ML 94.32 £ 90.73 141.74 £ 166.90 182.92 £ 115.91 467.52 +324.89
(33.13 - 665.48) (36.20 - 1,265.98) (43.99 - 720.27) (124.74 - 1,944.65)
SD-ML 3,452.58 +1,618.41 4,989.07 + 2,760.91 7,346.36 + 3,819.67 15,186.71 £ 7,620.50
(212.47 - 13,451.28) (1,712.87 - 19,905.53) (566.10 - 25,711.87) (1,418.84 - 42,005.72)
SA-ML 180.95 + 81.34 258.82+140.16 378.90 + 195.82 778.13 £391.17

(11.95 - 681.07)

(93.46 - 1,024.37)

(29.87 - 1,339.51)

(76.09 - 2,170.28)

ST: standing in a double stance; STO: semi-tandem stance; TO: tandem stance; SL: single-leg stance; RMS: root mean square of magnitude;
RANGE: summation of the range of signals; SA: sway area; SD: summation of distance; AP: anteroposterior; ML: mediolateral.

align with previous researches and the fundamental principle
of postural control, where maintaining stability becomes more
demanding as the BOS decreases, requiring enhanced neuro-
muscular control to keep the COM within the limits of support

magnitude of acceleration and gyroscope measurements dem-
onstrated increased postural sway as the BOS progressively
decreased from SO to STO, TO, and SL positions. Both devic-
es showed sufficient sensitivity to detect balance adjustments

during increasingly challenging conditions. These findings [17,29-31].
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Figure 3. Bar graph depicted COM postural sway in gyroscope (RMS, RANGE, SA, and SD) ranging from a variety of increas-
ingly challenging conditions of base of support in (a) AP and (b) ML planes. COM: center of mass; RMS: root mean square of
magnitude; RANGE: summation of the range of signals; SA: sway area; SD: summation of distance; AP: anteroposterior; ML:
mediolateral.
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Table 4. Spearmen’s Rho Correlation Coefficient of Accel-
erometer Compared With Gyroscope Derived From Inertial
Measurement Unit

Correlation coefficient

Sensor variable

r P-value
RMS-AP 0.81 <0.001
RMS-ML 0.86 <0.001
RANGE-AP 0.82 <0.001
RANGE-ML 0.84 <0.001
SD-AP 0.79 <0.001
SD-ML 0.85 <0.001
SA-AP 0.79 <0.001
SA-ML 0.85 <0.001

RMS: root mean square of magnitude; RANGE: summation of the
range of signals; SA: sway area; SD: summation of distance; AP: an-
teroposterior; ML: mediolateral.

The correlation between accelerometers and gyroscopes
reveals a strong relationship in the parameter values obtained
from both sensors. This study found that all parameters exhib-
ited good correlation coefficient values (values between 0.75
and 0.90 indicate good reliability). The highest correlation co-
efficient values were obtained with RMS-ML (r = 0.86). This
result was consistent with the previous study that RMS of ac-
celeration increased as the complexity of the tasks increased.
RMS is commonly employed to measure postural sway and
has been demonstrated to be responsive to alterations in bal-
ance function values [32]. It also significantly differentiated
between various test conditions and establishes criterion valid-
ity [31, 32].

This study utilized the ICC to investigate the agreement
between the accelerometer and gyroscope. The results re-
vealed that all parameters exhibited moderate agreement (ICC:
0.58 and 0.71) between the accelerometer and the gyroscope
across both planes. This moderate reliability indicates that, al-
though there is consistency between the measurements, some
variability persists. This level of agreement may be attributed
to the intrinsic differences in the measurement properties of
each sensor. Accelerometers measure linear acceleration and
are particularly sensitive to gravitational forces, whereas gy-
roscopes measure angular velocity and rotational movements,
potentially exhibiting greater sensitivity to rotational adjust-
ments used to maintain balance [13, 17, 23]. The moderate
agreement underscores the utility of the measurement ap-
proach while acknowledging the challenges of achieving per-
fect reproducibility in assessments such as dynamic movement.
This degree of reliability is adequate for group-level analyses
and clinical applications, although individual measurements
should be interpreted with appropriate caution. Recent stud-
ies support the combination of gyroscopes with accelerometers
with the advantage that both linear and angular motions are
recorded, reducing calibration biases [33]. Consequently, this
may enhance the accuracy of balance and movement assess-
ment for fall-risk detection. The moderate ICC suggests that
employing both sensors might provide a more comprehensive

Table 5. ICC of Accelerometer Compared With Gyroscope De-
rived From Inertial Measurement Unit

Sensor variable 1cc

ICC,;) Lower95% Upper95% P-value
RMS-AP 0.58 0.55 0.65 <0.001
RMS-ML 0.54 0.45 0.62 <0.001
RANGE-AP 0.64 0.56 0.70 <0.001
RANGE-ML 0.60 0.52 0.67 <0.001
SD-AP 0.63 0.56 0.70 <0.001
SD-ML 0.50 0.39 0.59 <0.001
SA-AP 0.65 0.58 0.71 <0.001
SA-ML 0.52 0.42 0.60 <0.001

ICC: intraclass correlation coefficient; RMS: root mean square of mag-
nitude; RANGE: summation of the range of signals; SA: sway area; SD:
summation of distance; AP: anteroposterior; ML: mediolateral.

representation of an individual’s balance control mechanisms.
This approach could be particularly relevant when assessing
complex balance tasks or when detailed analysis of balance
strategies is required [10, 34-36].

To summarize, wearable sensors offer various advan-
tages, including continuous data obtaining, portability, higher
sensitivity, and cost-effectiveness. Even though IMUs cannot
completely replace force platforms for research-level preci-
sion, they provide a cost-effective and portable alternative,
necessitate minimal training, and allow for tests in a variety
of clinical and community settings. Evaluation of COM trajec-
tory metrics could be integrated into comprehensive geriatric
assessments. By quantifying subtle COM deviations undetect-
able via observation, IMUs could enhance early identification
of high-risk elderly, enabling timely referral for multifactorial
interventions, e.g., strength training, home modifications. The
study demonstrated the efficacy of the developed IMU proto-
type in evaluating postural sway among healthy elderly indi-
viduals. All sensor-derived parameters exhibited a strong cor-
relation between the accelerometer and gyroscope in both the
AP and ML planes, indicating a relationship between the two
devices. However, they demonstrated moderate agreement,
thus highlighting significant considerations regarding sensor
selection and data interpretation. Future research should focus
on enhancing the performance of the IMU by integrating time-
synchronized accelerometer and gyroscope signals to improve
the precision of sway metrics. This approach is supported by
recent studies [33], indicating that sensor fusion algorithms,
such as Kalman filters or machine learning models like ran-
dom forest, can effectively integrate these signals to enhance
sway metric precision. The study provides valuable insights
into the application of IMU technology for postural sway as-
sessment in healthy elderly individuals. However, some limi-
tations warrant consideration. Although the study aimed to
incorporate healthy older participants, it is concerning that fac-
tors such as lifestyle and comorbidities may influence the test
findings. Further investigation into the performance of IMU
prototype in populations with varying levels of fall risk should
be conducted.
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