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Abstract
|
Introduction: Limited research exists on smartphone accelerometry for assessing single-leg

standing balance during dual-task activities. This gap necessitates establishing reliability and
minimal detectable change (MDC) benchmarks.

Objective: This study aims to investigate the test-retest reliability and MDC of smartphone-
based accelerometry during single-leg standing under various neck postures and surface con-
ditions.

Methodology: Thirty healthy young adults (18-25 years) performed single-leg standing tests
while texting. Center of Mass (CoM) acceleration was recorded using an iPhone 11 at the sacral
level (S2) across four conditions. Measurements were repeated after a 7-day interval to calcu-
late Intraclass Correlation Coefficients (ICC3,1) and MDC at 95% confidence (MDCos).

Results: The device demonstrated good-to-excellent reliability across all conditions. The
highest reliability was observed in the neutral neck/hard surface condition (ICC3,1 = 0.91-0.94),
with low measurement error (MDCos = 1.23-2.70 cm/s?). Conversely, the flexed neck/soft sur-
face condition showed slightly lower reliability (ICC31 = 0.87-0.90) and higher variability, re-
quiring larger changes for significance (MDCos = 2.94-9.58 cm/s?). Specifically, MDCos for Total
Acceleration increased from 2.71 cm/s? in stable conditions to 9.90 cm/s? in unstable condi-
tions.

Conclusion: Smartphone accelerometry is a reliable tool for evaluating postural stability in
young adults. The established MDC values provide critical references, highlighting that challen-
ging tasks (e.g., soft surfaces) require larger threshold values to detect real clinical changes in
balance performance.

Keywords

Smartphone-based; accelerometry; postural stability; balance; reliability; minimal detectable
change.

Resumen

Introduccion: Existe una investigacion limitada sobre la acelerometria basada en teléfonos in-
teligentes (smartphone-based accelerometry) para evaluar la estabilidad postural unipodal du-
rante actividades de doble tarea. Esta brecha hace necesario establecer la fiabilidad y el cambio
minimo detectable (MDC).

Objetivo: Este estudio investigd la fiabilidad test-retest y el MDC de la acelerometria por
smartphone durante la bipedestacién unipodal bajo diversas posturas del cuello y condiciones
de superficie.

Metodologia: Treinta adultos jovenes sanos (18-25 afios) realizaron pruebas de bipedestacién
unipodal mientras enviaban mensajes de texto. La aceleracion del centro de masa (CoM) se re-
gistrd utilizando un iPhone 11 a nivel del sacro (S2) en cuatro condiciones. Las mediciones se
repitieron tras un intervalo de 7 dias para calcular los coeficientes de correlacion intraclase
(ICC3,1) y el MDC con un 95% de confianza (MDCos).

Resultados: El dispositivo demostro una fiabilidad de buena a excelente en todas las condicio-
nes. La mayor fiabilidad se observé en la condicidn de cuello neutro/superficie dura (ICC3,1 =
0.91-0.94), con un error de medicién bajo (MDCos = 1.23-2.70 cm/s?). Por el contrario, la con-
dicidn de cuello flexionado/superficie blanda mostré una fiabilidad ligeramente menor (ICCs 1
= 0.87-0.90) y una mayor variabilidad, requiriendo cambios mayores para la significancia
(MDCos = 2.94-9.58 cm/s?). Especificamente, el MDCos para la Aceleracién Total aumenté de
2.71 cm/s? en condiciones estables a 9.90 cm/s? en condiciones inestables.

Conclusién: La acelerometria por smartphone es una herramienta fiable para evaluar la estabi-
lidad postural en adultos jévenes. Los valores de MDC establecidos proporcionan referencias
criticas, destacando que las tareas desafiantes (por ejemplo, superficies blandas) requieren va-
lores umbral mas grandes para detectar cambios clinicos reales en el rendimiento del equili-
brio.

Palabras clave

Basado en smartphone; acelerometria; estabilidad postural; equilibrio; fiabilidad; cambio mi-
nimo detectable.
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Introduction
___________________________________________________________________________________________________________________________|
Postural stability is a fundamental component of overall health and physical well-being in healthy young
adults (Onofrei & Amaricai, 2022). Although this population is generally considered to have robust ba-
lance control, maintaining optimal stability is a complex motor skill that relies on the precise integration
of sensory information from the visual, vestibular, and somatosensory systems. This physiological me-
chanism is influenced by multiple intrinsic and extrinsic factors, including physical activity levels
(Onofrei & Amaricai, 2022), the integrity of sensory systems (Onofrei & Amaricai, 2022), and individual
lifestyle behaviors. However, recent epidemiological trends suggest that the stability of young adults is
increasingly compromised. Sedentary lifestyles, characterized by reduced physical activity, have been
identified as a significant factor contributing to diminished balance capabilities (Angyan et al., 2007).
Furthermore, the ubiquity of mobile technology has introduced a novel environmental constraint: the
dual-task condition of using a smartphone while standing or walking (Lanzarin et al., 2015; Onofrei et
al,, 2020).

The interaction between smartphone use and postural control is of particular concern. Engaging in dual-
task activities, such as texting, demands divided attention and significant cognitive resources, which can
interfere with the automaticity of postural control (Nurwulan et al,, 2015). This cognitive-motor inter-
ference often results in performance decrements in both tasks—slower gait speed, increased sway, or
reduced texting accuracy. The literature emphasizes that such disruptions in postural stability are not
merely trivial inconveniences; they are precursors to a higher risk of losing balance (Mohd Safee & Abu
Osman, 2023). Consequently, maintaining optimal postural stability is vital not only for athletic perfor-
mance but also for preventing injuries and accidents in daily life activities (Gandawidura & Ikeda, 2024;
Van Humbeeck et al.,, 2023).

Given these emerging risks, the clinical evaluation of posture under challenging, ecologically valid con-
ditions is essential. The single-leg standing test is a widely recognized and standardized measure of pos-
tural stability (Beelen et al., 2021). Biomechanically, this test imposes significantly greater demands on
the musculoskeletal and nervous systems compared to quiet bipedal standing (Ameer et al., 2024;
Tivadar & Kotnik, 2024). By reducing the base of support to a single foot, the body must generate rapid
and precise muscular adjustments around the ankle and hip joints to maintain the center of mass (CoM)
within the stability limits. This task becomes exponentially more challenging when combined with
smartphone use. Texting typically induces a flexed neck posture, which alters the head's position rela-
tive to gravity. This biomechanical shift changes the body's mass distribution and can disrupt vestibular
inputs, thereby challenging the central nervous system's ability to maintain equilibrium (Ezzat et al.,
2025). Incorporating these neck position changes and dual-task constraints into balance assessments
simulates real-world conditions, revealing potential deficits in postural stability that standard tests
might miss. Understanding these specific deficits is crucial for developing targeted interventions to en-
hance balance and prevent musculoskeletal injuries among habitual smartphone users.

To objectively assess these postural dynamics, various methodological approaches are available (Panjan
& Sarabon, 2010). Traditional laboratory-grade methods, such as the Star Excursion Balance Test
(SEBT) (Gribble et al., 2012) and force plate analysis (Quijoux et al., 2021), are often considered the gold
standard. Force plates, in particular, provide precise quantitative data on the displacement of the center
of pressure (CoP). However, these instruments are expensive, non-portable, and restricted to laboratory
settings, limiting their utility in large-scale screenings or field-based clinical practice. In response to
these limitations, accelerometer-based assessments have emerged as a reliable, objective, and non-in-
vasive alternative (Algahtani et al., 2020). Tri-axial accelerometers placed near the body’s CoM (e.g., at
the sacrum) can accurately measure trunk sway and effectively differentiate between static orientations
and dynamic motions (Yoong et al., 2019), offering a promising approach for evaluating postural stabi-
lity in diverse settings (Boubaker et al,, 2025; Neville et al., 2015).

Currently, the integration of micro-electromechanical systems (MEMS) into smartphones has democra-
tized access to this technology. Smartphone-based accelerometry has been demonstrated to be a useful
and valid tool for assessing balance (Onofrei et al., 2020). Recent studies suggest that specific applica-
tions, such as the Gait&Balance (G&B) App, can accurately measure gait and balance parameters in
young adults (Olsen et al., 2023). Furthermore, the smartphone has been validated to measure postural
st?”t)ility and differentiate fall risk in older adults, demonstrating its versatility across different age
Sple, 3
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groups (Pinho et al,, 2019). These findings emphasize the convenience, cost-effectiveness, and scalabi-
lity of smartphone-based accelerometry for assessing balance in both clinical and community settings.

Nevertheless, despite the growing popularity of this technology, a significant gap remains in the litera-
ture. The utilization of smartphone-based accelerometry for assessing postural stability specifically du-
ring a single-leg standing test combined with dual-task texting and varied surface conditions (e.g., foam
vs. hard surface) is underexplored. Most importantly, for any measurement tool to be clinically useful,
its psychometric properties must be established. Consequently, there is a paucity of research investiga-
ting the between-day reliability and the Minimal Detectable Change (MDC) associated with this specific
measurement protocol. The MDC is a critical statistical parameter that defines the smallest amount of
change in a score that reflects a true difference in performance, rather than measurement error. Without
established MDC values, clinicians and researchers cannot confidently interpret whether changes in ba-
lance performance following an intervention are genuine or merely artifacts of biological variability or
instrument noise.

Therefore, exploring the potential of smartphone-based accelerometry as a robust alternative method
for assessing postural stability under these complex conditions is both intriguing and necessary. This
study aims to investigate the test-retest reliability and minimal detectable change of smartphone-based
accelerometry measurements during the assessment of single-leg standing balance under various neck
postures and surface conditions while performing diverse tasks. By establishing these normative relia-
bility metrics, this research seeks to validate a portable, accessible protocol that can improve how pos-
tural stability is monitored in the modern, technology-driven era.

Method
|

Study Design

This cross-sectional study with a repeated measures design to evaluate test-retest reliability. The study
was approved by the Human Research Ethics Committee of the University of Phayao, Thailand (Approval
Code No.: HREC-UP-HSST 1.2/112/68) and was conducted in accordance with the ethical principles of
the Declaration of Helsinki. This investigation employed a repeated measures concordance design to
evaluate the test-retest reliability of accelerometry measurements conducted via smartphones during
the assessment of single standing balance under diverse conditions. The performance of participants
was assessed on two separate days, introducing a seven-day interval between the initial measurement
and the subsequent one (Hilden et al., 2023). This deliberate temporal gap was implemented to mitigate
the potential influence of overlap and learning effects between the two tests, ensuring a robust evalua-
tion of the reliability of smartphone-based accelerometry measurements. The assessments were carried
out in diverse conditions and while individuals engaged in various tasks, including utilizing a smartp-
hone in a flexed neck position on both hard and soft surfaces (FN/HS and FN/SS), as well as using a
smartphone in a neutral neck position on similar surfaces (NN/HS and NN/SS) among healthy early
adults. Data collection took place in the Physical Therapy Laboratory, Faculty of Allied Health Sciences,
University of Phayao, Thailand. Prior to the initiation of the study, informed consent was obtained from
all participants who voluntarily engaged in this investigation, aligning with the ethical considerations of
the Declaration of Helsinki.

Participants

To determine the required sample size for our study, we have provided the specific parameters used in
our G*Power calculation to justify the sample size (Minimum acceptable ICC = 0.60, Expected ICC = 0.85,
a= 0.05, and Power 3 = 0.90) (Sevillano-Castafio et al., 2023), confirming that N=30 provides sufficient
statistical power. The study employed a non-probabilistic convenience sampling approach to recruit a
sample of healthy young adults who were regular users of smartphones. All participants willingly con-
sented to take partin the research and were required to possess the ability to comprehend and complete
the assessments. A cohort comprising thirty healthy young adults, with an even distribution of genders
and ages ranging from 18 to 25 years, was assembled through promotional activities at the University
of Phayao, Thailand. These individuals, all right-handed, boasted a minimum of one year of smartphone
usage experience, typically engaging with their devices for at least four hours daily. Notably, none of the
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participants reported any recent history of trauma or musculoskeletal symptoms in the neck and upper
extremities within the past week. Moreover, participants affirmed the absence of neurological or muscu-
loskeletal issues and attested to not having undergone any balance-specific training in the preceding six
months. Additionally, it was established that the right leg served as the dominant limb for all partici-
pants, as determined by their preferred leg for kicking a ball (Tapanya et al., 2023), aligning with their
dominant hand (i.e., the writing hand).

Procedure

Prior to engaging in the study, all participants furnished written consent. A random allocation procedure
was employed before the experiment's initiation, assigning each participant to one of four distinctive
conditions. The allocation process utilized straightforward randomization techniques to counteract po-
tential systematic biases originating from the sequence of the experimental conditions (Suresh, 2011).
All participants underwent all four conditions in a single day, followed by retesting over seven separate
days. Tailored to individual smartphone usage patterns, participants' postures, shoulder angles, smartp-
hone height, and distance were adjusted excluding neck angle, which was modified in both flexed and
neutral neck postures (Tapanya et al.,, 2021). In the neutral neck condition, the researcher (WT) preci-
sely adjusted the cervical posture to uphold a 0° neck flexion angle using a goniometer, aligning the
shoulder angle accordingly. Conversely, in the flexed neck condition, the researcher (WT) modified the
cervical posture to maintain a 45° neck flexion angle with the goniometer, simultaneously adjusting the
shoulder angle, as depicted in Fig. 1. Participants were allotted three minutes for acclimatization to the
measurement process, adopting a method adapted from Xie et al. (2016) (Xie et al,, 2016). During each
test condition, participants were instructed to execute a single-leg standing test on their dominant leg
while concurrently texting the English alphabet (A-Z) on their smartphone screen using both thumbs.
Both hands securely held the device throughout the test. Each session endured for 1 minute, with a two-
minute rest interval separating the two trial sessions. The single-leg standing test began with partici-
pants initially positioned with both feet on the ground. Following that, the researcher directed partici-
pants to transfer their weight to their dominant leg while maintaining possession of the smartphone
with both hands, and the non-dominant knee flexed at a 90-degree angle (Tapanya et al., 2023). For
single-leg standing test on soft surface condition, the AIREX® balance - pad foam (Legal Notice, Airex
AG, Inc.), with dimensions of 0.50 x 0.41 mater was used.

Figure 1. Smartphone texting task while single leg standing in difference conditions

A ? _ \’

| NN/HS | | FN/SS |

Smartphone-Based Accelerometry

Acceleration measurements in three directions were acquired using an Apple iPhone 11. The Physics
Toolbox Sensor Suite app (version 2022.09.11) on the Apple iOS platform was employed to gather and
export acceleration data, sampled at a rate of 200 Hz from the smartphone's accelerometer. Placed ver-
tically on the sacral region (S2) near the body's Center of Mass (CoM), the smartphone was secured in a
waist-mounted pouch (Hou et al., 2018) as shown in Fig. 2. Raw acceleration signals underwent Fourier
analysis using MATLAB™ (MathWorks Inc., Natick, MA,USA), revealing a frequency range of 15 to 20 Hz
(Borzi et al,, 2020). Subsequently, a 20 Hz low-pass Butterworth filter was applied to refine the accele-
ration signals within this frequency range (Borzi et al., 2020). For the examination of acceleration-based
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variables, the middle 30 seconds of individual acceleration signals, including anteroposterior (AP), me-
diolateral (ML), and vertical (VT) accelerations, were chosen to eliminate any movements associated
with adjusting to the test condition.

Figure 2. Acceleration measurements with smartphone positioned at S2 vertically for body CoM tracking

Data analysis

The SPSS statistical software (Statistical Package for Social Sciences 28, SPSS Inc., Chicago, IL USA) was
employed for the statistical analysis, and the results were expressed in terms of mean, standard devia-
tion, and a 95% confidence interval. A Shapiro-Wilk test was used to test the normal distribution of the
considered variables prior to the analysis. All of testing variables had a normal distribution. To assess
the test-retest (between day) reliability of smartphone-based accelerometry measurements during the
evaluation of single standing balance under various conditions with a 7-day interval, the ICC31 was uti-
lized. Reliability levels were categorized as excellent (ICC = 0.90), good (0.90 > ICC = 0.70), fair (0.70 >
ICC = 0.40), and poor (ICC < 0.40) based on predefined benchmarks (Landis & Koch, 1977). The precision
of reliability outcomes was gauged using the Standard Error of Measurement (SEM), calculated using
the formula (SD x V[1 - ICC]). Additionally, the Minimum Detectable Change (MDC) was determined as
SEM x V2 x 1.96 for a 95% confidence level and SEM x V2 x 1.65 for a 90% confidence level. Further-
more, the agreement between measurements was assessed using Bland-Altman graphs. All statistical
tests were interpreted with a significance level set at 5% (p < 0.05)

Results
[

A total of 30 participants (15 men and 15 women) completed the study without reporting any adverse
effects. Detailed demographic and anthropometric data, including age, weight, height, BMI, years of
smartphone use, and daily usage duration, are provided in Table 1.

Table 1. Subject demographic data and anthropometric characteristics variables (n = 30).

Variables (n=30) Mean+SD
Gender, (males/females) 15/15
Age (years) 20.91 +1.66
Body weight (kg) 59.02 +9.38
Height (cm) 17292 +11.11
Body mass index; BMI (kg/m?) 19.67 £ 1.93
Total experience time of smartphone use (years) 7.34+1.50
Daily duration of smartphone use (hours) 6.04 +1.19
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Test-Retest Reliability

No statistically significant differences were found in the acceleration variables related to the body CoM
between the initial and seventh days of assessment in all circumstances and directions (p > 0.05). The
evaluation of body CoM acceleration under conditions involving a smartphone in a neutral neck position
on a hard surface (NN/HS) showcased excellent test-retest reliability (ICC31 = 0.91 to 0.94), accompa-
nied by a small SEM ranging from 0.44 to 0.98 cm/s® Transitioning to a soft surface (NN/SS) yielded
slightly diminished reliability, still considered good (ICC31 = 0.89 to 0.91), with SEM values ranging from
0.87 to 3.57 cm/s?. Similarly, in flexed neck positions on both hard (FN/HS) and soft surfaces (FN/SS),
a consistent trend emerged. FN/HS exhibited excellent reliability (ICC31 = 0.91 to 0.92) with SEM be-
tween 0.50 to 1.59 cm/s? while FN/SS demonstrated good reliability (ICC3; = 0.87 to 0.90) with SEM
ranging from 1.06 to 3.45 cm/s? as present in table 2. The Bland-Altman plots graph presented in the
study illuminate distinct patterns of discrepancies in acceleration across all conditions and directions
were shown in Fig. 3.

Figure 3A. Bland-Altman plot Test-Retest Reliability of Smartphone-Based Accelerometry Measurements in each testing condition and direc-
tion. Abbreviations: AP, anteroposterior; ML, mediolateral; VT, vertical; Come, center of mass; NN/HS, neutral neck posture on hard surface;
NN/SS, neutral neck posture on soft surface; FN/HS, flexed neck posture on hard surface; FN/SS, flexed neck posture on soft surface.
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Figure 3B. Bland-Altman plot Test-Retest Reliability of Smartphone-Based Accelerometry Measurements in each testing condition and direc-
tion. Abbreviations: AP, anteroposterior; ML, mediolateral; VT, vertical; Come, center of mass; NN/HS, neutral neck posture on hard surface;
NN/SS, neutral neck posture on soft surface; FN/HS, flexed neck posture on hard surface; FN/SS, flexed neck posture on soft surface.

Mean of AP acceleration (cm/s?)

Mean of VT acceleration (¢m/s?)

— —
& 600 &) 10,00 R
L d

E E
o ' L]
~ 400 - = L]
= 5.00
S =] :
= . =
= . & ® .
5 200 r . . 5 «* °
T) . [*} .. ’- - s
@ . o o b1 00— ® e
>4 . . 2 LI
« .00 e - . . .
[-» o o . .
-« * o . .

. .
D . & -5.00
S 200 =] ° (]
- et .
= o 4 ]
I
= &
g‘:’ -4.00 é -10.00
=
a 500 750 10.00 1250 15.00 a 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Mean of ML acceleration (cm/s?)

_— —
L) ~
E 10.00 é
< - o
b . =~ 10.00 o ®°
g 5.00 L E L [
'ﬁ' * o 'ﬁ .
5 . .0. ') ] L o o
= 00 as o = 00 e . & .
g DR . S ® e o°
= =1 . . .

-5.00 -
; : g . .
= b4 = -10.00 .

°
£ -1000 =
-
'~ b = [N
& 2
& 1500 g 2000
5.00 10.00 15.00 20.00 25.00 30.00 35.00 & 10.00 20.00 3000 40.00 50.00 60.00

Mean of Total acceleration (cm/s?)

Body CoM acceleration while smartphone using in neutral neck on soft surface (NN/SS)

Figure 3C. Bland-Altman plot Test-Retest Reliability of Smartphone-Based Accelerometry Measurements in each testing condition and direc-
tion. Abbreviations: AP, anteroposterior; ML, mediolateral; VT, vertical; Come, center of mass; NN/HS, neutral neck posture on hard surface;
NN/SS, neutral neck posture on soft surface; FN/HS, flexed neck posture on hard surface; FN/SS, flexed neck posture on soft surface.
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Figure 3D. Bland-Altman plot Test-Retest Reliability of Smartphone-Based Accelerometry Measurements in each testing condition and direc-
tion. Abbreviations: AP, anteroposterior; ML, mediolateral; VT, vertical; Come, center of mass; NN/HS, neutral neck posture on hard surface;
NN/SS, neutral neck posture on soft surface; FN/HS, flexed neck posture on hard surface; FN/SS, flexed neck posture on soft surface.
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Table 2. Test - retest reliability of body CoM acceleration while smartphone using in each direction and tesks (n = 30).

Paired differences Test - retest reliability
Body CoM acceleration while smartphone using in neutral neck on hard surface (NN/HS)
AP a(cc‘;rell/esrgti‘m 544+ 1.71 540+1.86  0.04*0.88 (_0.2%322'37) (0.3'79508:97) 0444 1037 1.232
ML a(cccrsl/‘;r;j‘ﬁo“ 834+325  807%335  026%153 (_0.301'3;53(’)'84) (0.353)3327) 0.788 1838 2184
vt a(cccnell/esrj)’ti"“ 12.06+2.00 11.81+195  0.24+0.92 (_0.1%15%159) (o.gégé;oggn 0.484 1129 1.341
o
T"taléffl‘;ls‘i;atio“ 1659+3.03 1612+371  0.47+1.86 (_0.2%1;71.1 ) (0.3393060.96) 0.977 2279 2707
Body CoM acceleration while smartphone using in neutral neck on soft surface (NN/SS)
AP a(cc‘;rell/esrgti‘m 8.70 + 2.75 857+294 014169 (_0.4%?5%-77) (0.3693)6;.*96) 0872 2035 2418
ML E’(CCC;]/‘;?W’“ 1660698  1644%6.60  0.16+3.85 (_1.2%'?391. 60) (0.3'29305:9 6 1980 4619 5487
VT a(‘;‘;fll/esrz‘i‘tio“ 19114591  1933+678  -0.21%3.65 (_1.5%‘1;}91. 5 (0.3'29303:9 6 1872 4367 5.188
o
T"talé‘;fl‘;lsigatio“ 2984989 30.52+1237  -0.68+6.90 (_3.206'2231.90) (0.3683)70.95) 3572 8335 9901
Body CoM acceleration while smartphone using in flexed neck on hard surface (FN/HS)
AP a(i‘fll/esrz‘i‘ti‘m 699+168  7.00:182  -0.01:098 (_0.3%2(?%.3 6 (0.3'39308:9 6 0501 1169 1389
ML ch‘isl/zrz‘i‘ﬁon 1091+3.14 1041376 050+ 177 (_0.106'1(?51.16) (0.3'59307:97) 0932 2175 2584
vt a(iifll/esrz‘i‘tio“ 1539239  1510%3.04 029157 (_0.3%25‘387) (0.3'19300:96) 0815 1901 2258
o
T"talé‘;fl‘;lsigatio“ 2122:516 2147581 0252310 o " (0.g29t1060.96) 1590 3709 4.406

Body CoM acceleration while smartphone using in flexed neck on hard surface (FN/SS)
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AP a(icrfll/esr;j‘ti‘m 1131+295 11.28%291  0.04 +2.02 (_0.701'2;%.80) (0.3'283)9:9 9 1060 2475 2940
ML chcnell/esr;j‘tio“ 2191+893 21.78+1092 0.12+598 (_2.101'2;;36) (0.3693)4:95) 3075 7176 8524
vt a(cc‘;fll/esr;j‘ti"“ 25354982  2425:9.18  1.10%555 (_0.907'1363.17) (0.3193)6;.*96) 2913 6797 8073
T"taléﬁgatio“ 3598+ 10.75 344741057  1.52+6.52 (_0.9(;'%;3’3.95) (Ol%ﬁ 5;_*95) 3454 8060 9575

Note: “**” indicates a significant difference between conditions at p-value < 0.01. Abbreviations: ICC, intraclass correlation coefficient; SEM,
standard error of measurement; MDC, minimum detectable change; AP, anteroposterior; ML, mediolateral; VT, vertical; CoM, center of mass;
NN/HS, neutral neck posture on hard surface; NN/SS, neutral neck posture on soft surface; FN/HS, flexed neck posture on hard surface; FN/SS,
flexed neck posture on soft surface

Minimum Detectable Change (MDC)

Among individuals utilizing smartphones with a NN/HS, notable alterations in body CoM acceleration
across AP, ML, VT, and total directions were deemed significant, requiring a difference (MDC95) of 1.23
cm/s* (23%), 2.18 cm/s? (27%), 1.34 cm/s? (11%), and 2.70 cm/s? (17%), respectively. Conversely,
those on a soft surface (NN/SS) exhibited higher MDC values, indicating that substantial changes in ac-
celeration demanded larger differences: 2.42 cm/s? (28%), 5.49 cm/s? (33%), 5.19 cm/s? (27%), and
9.90 cm/s? (33%) in AP, ML, VT, and total directions, as detailed in table 2.

For individuals employing smartphones in a FN/HS, significant alterations in Body CoM acceleration in
AP, ML, VT, and total directions necessitated a difference (MDCos) of 1.39 cm/s? (20%), 2.58 cm/s?
(24%), 2.26 cm/s? (15%), and 4.41 cm/s? (21%), respectively. Similarly, individuals using smartphones
in a FN/SS encountered substantial changes in Body CoM acceleration, demanding a difference (MDCos)
of 2.94 cm/s? (26%), 8.52 cm/s* (39%), 8.07 cm/s* (33%), and 9.58 cm/s* (27%) in AP, ML, VT, and
total directions, as outlined in table 2.

Discussion

. ______________________________________________________________________|
The primary objective of this study was to investigate the test-retest reliability and establish the Mini-
mal Detectable Change (MDC) of smartphone-based accelerometry for assessing single-leg standing ba-
lance under challenging, ecologically valid conditions. By introducing dual-task constraints (texting) and
biomechanical alterations (neck flexion and surface instability), this research aimed to bridge the gap
between laboratory-based balance assessments and real-world functional scenarios. The principal fin-
ding of this investigation is that the smartphone accelerometer, positioned at the sacrum (approximate
Center of Mass, CoM), demonstrates good-to-excellent reliability across all testing conditions. However,
our analysis reveals a critical nuance: reliability is not uniform but is inversely proportional to the com-
plexity of the postural task. Specifically, as sensory information becomes conflicted (soft surface) and
biomechanical alignment is altered (flexed neck), the variability of the measurement increases, necessi-
tating higher MDC thresholds to detect true clinical changes. These findings have profound implications
for the development of safe, accessible, and accurate assessment protocols in rehabilitation settings.

The reliability of postural stability measurements is intrinsically linked to the central nervous system's
(CNS) ability to integrate sensory inputs. Our results indicated that the Neutral Neck/Hard Surface
(NN/HS) condition yielded the highest reliability (ICC3,1 = 0.91-0.94) and the lowest measurement
error. This can be attributed to the availability of redundant and congruent sensory information. On a
hard surface, somatosensory feedback from the plantar mechanoreceptors is reliable, allowing the CNS
to effectively regulate the Center of Pressure (CoP) relative to the CoM. In contrast, the Soft Surface (SS)
conditions consistently demonstrated lower reliability and higher variability. This aligns with the "Sen-
sory Reweighting Hypothesis," which suggests that when one sensory channel is disrupted (in this case,
proprioception due to the foam pad), the CNS must up-weight reliance on other senses, such as vision
and the vestibular system (Mademli et al., 2021). However, in our study design, the visual system was
engaged in a secondary task (texting), and in the Flexed Neck (FN) conditions, vestibular orientation
was altered. This created a "sensory conflict”" scenario, forcing the neuromotor system to adopt a more
exploratory postural strategy, resulting in greater sway variability. This explains why the discrepancy
ranges in our Bland-Altman plots were significantly wider for the FN/SS conditions compared to NN/HS.
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[t is not merely that the task was "harder," but that the consistency of the motor output was compromi-
sed by the conflicting sensory demands.

A distinguishing feature of this study is the comprehensive examination of neck posture effects on ba-
lance measurement reliability. The transition from a neutral neck to a flexed neck position (approx. 45
degrees) resulted in a notable decrease in reliability, particularly in the vertical and mediolateral axes.
Biomechanically, the head represents a significant proportion of total body mass. Flexing the neck mo-
ves the head’s center of mass anteriorly, creating a flexion moment that must be counteracted by in-
creased activity in the posterior chain muscles (e.g., erector spinae, gastrocnemius). This shift alters the
body's overall equilibrium and may introduce mechanical noise into the accelerometer signal located at
the sacrum. Furthermore, the flexed neck position alters the orientation of the otoliths and semicircular
canals within the vestibular system. When the head is inclined downwards during visual fixation on the
smartphone display, the CNS must re-calibrate the vestibular reference frame to distinguish between
head tilt and whole-body sway. Our findings suggest that this re-calibration process introduces variabi-
lity into the postural control loop. While previous studies have validated smartphone accelerometry for
static balance (Rodrigues et al., 2022) and anticipatory adjustments (Onuma et al., 2023), our data ex-
tends this knowledge by demonstrating that "text neck" is a distinct biomechanical constraint that sig-
nificantly impacts the precision of stability assessments. Clinicians must be aware that a patient's inabi-
lity to maintain a consistent neck posture during testing could result in data artifacts that mimic instabi-
lity, underlining the need for strict protocol standardization.

The reliability metrics obtained in this study corroborate and expand upon previous research. Consis-
tent with findings which reported high reliability for static balance tasks in healthy individuals and Par-
kinson’s patients respectively (Mufioz-Albarran et al., 2025; Rodrigues et al., 2022; Thelen et al., 2022),
our study confirms that consumer-grade MEMS accelerometers are sufficiently sensitive for clinical use.
Similarly, the work that demonstrated the utility of smartphones in assessing core and seated stability
in pathological populations (Frechette et al., 2020; Prat-Luri et al.,, 2023). Our results support these con-
clusions, showing comparable ICC values to research-grade equipment. However, this study sets itself
apart from prior research endeavors in a significant manner. While previous studies focused largely on
single-task, static conditions, our investigation highlights the robustness of smartphone accelerometry
under dual-task interference. The fact that ICC values remained above 0.87 even in the most challenging
condition (FN/SS) suggests that the device captures the "dual-task cost" on stability effectively. This is
crucial because the risk of falls often manifests during complex, divided-attention tasks rather than du-
ring quiet standing. By validating the tool under these diverse conditions, we provide evidence that
smartphone accelerometry can serve as a proxy for expensive force platform analysis in evaluating fun-
ctional, real-world balance deficits (Roeing et al., 2017).

Perhaps the most critical contribution of this study is the establishment of condition-specific MDC va-
lues. In clinical practice, distinguishing between a "real” improvement and natural physiological varia-
bility is a constant challenge. Our analysis reveals that a "one-size-fits-all" cutoff for improvement is
inappropriate. For a standard single-leg stance on a hard surface, a relatively small change in total acce-
leration (approx. 2.70 cm/s?) indicates a real difference. This high sensitivity makes the smartphone an
excellent tool for detecting subtle deficits in early-stage rehabilitation or in healthy athletic populations.
Conversely, for the soft surface/flexed neck condition, the MDC threshold nearly quadruples (approx.
9.90 cm/s?). This dramatic increase highlights the "noise" inherent in difficult tasks. If a clinician were
to use the hard-surface MDC value to evaluate a patient performing a soft-surface task, they might falsely
conclude that the patient has deteriorated or improved when they have not. These specific MDC values
help understand CoM acceleration changes during smartphone use with different neck postures and
surfaces. They provide a statistical safety net for decision-making. For instance, in a rehabilitation pro-
gram aimed at improving proprioception (e.g., for ankle instability), a therapist using our protocol can
now confidently state that a reduction in sway acceleration greater than 9.90 cm/s* on a foam pad re-
presents a successful intervention effect, surpassing the threshold of measurement error. This granular
level of detail enhances the interpretability of CoM acceleration changes for clinicians and researchers
evaluating postural alterations during smartphone tasks.

The study highlights the benefits of using smartphone-based accelerometry for assessing postural stabi-
lity, emphasizing its convenience and accessibility. In many low-resource settings or tele-rehabilitation
contexts, specialized equipment like 3D motion analysis systems and force plates are unavailable due to
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cost and space constraints (Grouios et al., 2023; Roeing et al., 2017). The ubiquity of smartphones allows
for the democratization of advanced balance assessment. This supports the use of smartphones for
stability assessments in line with the healthcare trend of utilizing everyday technologies.

Moreover, the sensitivity of the CoM acceleration to subtle changes in variables—such as the slight ins-
tability introduced by neck flexion—makes smartphones a valuable substitute for costly methods
(Grouios et al.,, 2023; Roeing et al., 2017). This sensitivity allows for a thorough understanding of postu-
ral dynamics, making smartphone accelerometry a practical and insightful choice. The validation sup-
ports integrating these tools into routine assessments, potentially transforming how balance assess-
ments are conducted. For example, patients could potentially perform self-assessments at home using
their own devices, with data transmitted remotely to clinicians. This capability is particularly relevant
for monitoring chronic conditions such as Multiple Sclerosis [39] or fall risk in the elderly (Roeing et al.,
2017), where frequent, longitudinal monitoring is superior to sporadic in-clinic visits. This study affirms
the reliability and practicality of using smartphone-based accelerometry for postural stability assess-
ments, emphasizing their accessibility, cost-effectiveness, and sensitivity to nuanced changes. We have
demonstrated that while the device is highly reliable, the context of the assessment matters significantly.
The interaction between neck posture, surface stability, and dual-tasking creates a gradient of difficulty
that is reflected in the measurement metrics. By providing specific MDC values for each of these condi-
tions, this research empowers healthcare professionals to effectively use technology for enhanced ba-
lance assessment and rehabilitation outcomes (Frechette et al,, 2020; Fukaya et al,, 2023; Wang et al,,
2019). Understanding significant changes in body CoM acceleration helps clinicians make informed de-
cisions on intervention efficacy for balance promotion (Fukaya etal., 2023; Wang et al., 2019), ultimately
impacting patient care by enabling a more precise and patient-centered rehabilitation approach.

While the current study offers valuable insights into the reliability of instrumented balance assessment,
it is crucial to recognize its limitations to contextualize the findings appropriately. Firstly, the absence
of control over the time of day during testing introduces variability in participants' alertness and fatigue
levels. Circadian rhythms and daily fatigue accumulation can influence neuromuscular performance, po-
tentially undermining result reliability. Future protocols should standardize testing times to mitigate
this confounder. Moreover, the exclusive focus on young, healthy adults hampers the generalizability of
findings to other age groups or individuals with underlying health conditions. While establishing nor-
mative data in a healthy population is a necessary first step, the MDC values derived here may not be
directly applicable to older adults or those with vestibular pathology, who typically exhibit higher base-
line variability. Furthermore, the lack of sufficient data on the speed and precision of texting in the con-
text of evaluations limits the thorough examination of the correlation between texting habits and stabi-
lity of posture. We did not quantify the "cognitive cost" (e.g., texting errors per minute), which would
have provided a more multidimensional view of the dual-task interference.

Future studies should aim to improve upon the limitations of our current research by implementing
controlled testing protocols that include diverse participant demographics, such as geriatric populations
or post-stroke patients. Integrating measures of texting proficiency and cognitive load would also be
beneficial. This approach would enhance our understanding of postural dynamics during smartphone
use and enable more accurate generalizations across different populations. Additionally, further re-
search could explore the integration of gyroscope data (rotational velocity) alongside accelerometry to
provide a complete 6-degree-of-freedom analysis of trunk sway during these tasks.

Conclusions
___________________________________________________________________________________________________________________________|
In conclusion, the present study indicates the reliability and reproducibility of smartphone-based accel-
erometry measurements in assessing postural stability during single standing balance under various
conditions and while performing diverse tasks. Additionally, the study establishes the MDC, facilitating
the identification of real changes in the results of intervention protocols aimed at improving balance.
These findings underscore the utility of smartphone-based accelerometry as a valuable tool for evaluat-
ing postural stability and monitoring the effectiveness of balance improvement interventions.
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