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1. INTRODUCTION 

As countries worldwide experience a demographic shift towards an aging population, the implications of balance and 
postural control become paramount (1). An estimated 35% of individuals aged 65 and over fall each year, with falls 
accounting for 40% of all injury-related deaths (2). Approximately 30-51% of falls in hospitals result in some form of injury, 
ranging from minor bruises to severe wounds and fractures.  Falls are associated with a longer length of stay in hospital, 
greater utilization of healthcare and higher rates of discharge to nursing homes and this leads to a financial burden.  Beyond 
these alarming statistics, even non-fatal falls can lead to a "post-fall syndrome," a condition marked by psychological, 
postural, and gait dysfunction, particularly in the elderly (3). This emerging public health concern has generated substantial 
economic burden, necessitating the development of effective preventative measures (4). 

Historically, balance has been central to human health, enabling effective movement, maintaining upright orientation, 
and responding to environmental challenges. Balance impairments, especially in older populations, have direct 
repercussions on quality of life, well-being, and fall risks (5). Furthermore, the occurrence of near falls, resulting from slips 
or stumbles but avoided due to corrective actions, often go unnoticed but are significant predictors of actual falls (3). 
Balance focuses on maintaining the center of gravity within the base of support. Postural control encompasses overall 
body stability and orientation, including both balance and the coordination of body segments. 

Traditional balance assessment methods, such as posturography through force platforms and optoelectronic systems, 
have their limitations (6). Though they are sensitive and objective, they often need simulated conditions under the 
supervision of professionals for the assessment (1). Conversely, the last decade and a half has seen a surge in wearable 
sensor technology, especially inertial sensors (7). These wearable devices hold promise for their affordability, portability, 
and applicability in real-world settings, permitting the objective evaluation of balance and gait in everyday environments 
(1). 

 

Abstract:  
This paper provides a review of sensor-based platforms utilized in the assessment of balance skills, offering insights 
into various types of sensors, outcome measures and efforts in clinical evaluations. Balance skill assessment is crucial 
in understanding and managing various neuromuscular disorders, injuries, and age-related declines in motor function.  
The review categorizes sensor-based platforms into a few main types such as wearable sensors, force plates, and 
accelerometers. The paper addresses the benefits and drawbacks of each type of sensor as well as the corresponding 
outcome measures for each sensor. Outcome measurements include sway velocity, center of pressure excursions, 
and temporal-spatial movement features. Sensor-based platforms have been shown in clinical tests to have the 
potential to detect small changes in balance that may not be detected using conventional assessment methods.  The 
review provides evidence for the effectiveness of sensor-based assessments in a range of clinical populations, such 
as older people who are at risk of falls, those with musculoskeletal injuries, and neurological illnesses. Moreover, a 
comparison with traditional ways of evaluating balance clarifies the benefits of sensor-based platforms, such as higher 
sensitivity, objectivity, and the capacity to record dynamic aspects of balance. This paper offers practitioners, 
physicians and researchers some useful insights for evaluating and rehabilitating patients with balance-related 
impairments. Sensor-based measures for more individualized training feedbacks, promoting optimal outcomes in 
balance training and rehabilitation, are also presented. 

Keywords: Objective balance test; Sensor-based; Wearables; Force plate; Accelerometer 

https://doi.org/10.11113/humentech.v3n2.79


Hanim et al. /Journal of Human Centered Technology 3: 2 (2024) 36 – 43  

 

© 2024 Penerbit UTM Press. All rights reserved  
https://www.humentech.utm.my  

https://doi.org/10.11113/humentech.v3n2.79 
37 

 

Wearable sensors show promise in differentiating age groups and identifying neurological disorders like Parkinson’s 
disease and multiple sclerosis (8). However, their reliability and validity need to be firmly established, particularly in 
populations prone to falls (9). Despite the transformative potential of these sensors for unobtrusive analysis of motor 
behavior outside laboratories, there is a lack of comprehensive literature on their use in balance assessment (1, 10). 

While technological advancements offer the possibility of revolutionizing early detection and intervention for balance 
impairments (11), further research is needed to explore the full range of applications for wearable sensors in this context 
(12). Given this backdrop, this review seeks to delve into the current literature on the validity and reliability of sensor-based 
methods for assessing balance assessment (13). We aim to uncover the potential and challenges sensor-based balance 
assessment tool present in balance assessment, emphasizing their application among different populations (14, 15). This 
review examines sensor-based methods for assessing postural sway and other balance measurements, emphasizing 
validity and reliability. Distinct from existing studies, the focus here is on the integration of technology in diverse 
environments and its impact across various populations. The potential and challenges of these tools in balance assessment 
are identified and discussed. 
 

2. METHODOLOGY 

In this review, the focus was on studies that sensor-based technologies for balance assessment. The goal was to 
comprehensively understand these methods, including their benefits, limitations, and applications in clinical and athletic 
settings. Specific search terms used included 'sensor-based balance assessment', 'balance technology', 'wearable sensors 
for balance', along with terms like 'inertial measurement units' and 'pressure mats'. The search spanned several databases 
including Google Scholar, PubMed, ScienceDirect, and Scopus, targeting publications from 2010 to the present to capture 
the most recent advancements. 

Study Period: The review targeted publications from January 2010 to December 2023, ensuring the inclusion of the 
most recent advancements and findings in the field. 

Inclusion Criteria: Studies included were those published in English, presenting original research on sensor-based 
balance assessment for healthcare or sports applications. The studies needed to provide empirical data on the 
effectiveness, validity, or reliability of the assessment methods. 

Exclusion Criteria: Excluded were studies that focused solely on theoretical analyses, vestibular evaluations without 
direct implications for sensor-based assessment, or biomechanical analyses not applied to practical balance assessment. 
Commentaries and editorials were excluded. 

Initially, the search yielded approximately 106 studies. To ensure the inclusion of the most relevant research, titles and 
summaries of each study were scrutinized. This screening process was conducted by two independent reviewers, with a 
third reviewer available to resolve any discrepancies. After thorough screening, 59 studies met the inclusion criteria and 
were included for detailed analysis. 

From these studies, key information such as authors, publication year, methodology, population studied, and findings 
regarding the validity, reliability, and limitations of the methods was extracted and analyzed. This facilitated a clear 
synthesis of the significant advancements and findings in the field of sensor-based balance assessment technologies. 
The review highlighted a growing interest in leveraging technology for deeper insights into balance, showcasing how these 
innovative methods offer precise, detailed, and swift data. Despite the promising outcomes, integrating these technologies 
into routine practice poses challenges. This paper also details the development and clinical application of sensor-based 
devices for balance assessment, emphasizing their importance in enhancing our understanding and capabilities in this 
domain. 
 

3. SENSOR-BASED DEVICES FOR BALANCE ASSESSMENT 

Sensor-based method typically  involves tracking a patient's postural sway and movement patterns using wearable 
sensors, such as accelerometers, gyroscopes, and pressure sensors (16). To collect data in real-time, these sensors can 
be affixed to the patient's body or incorporated into the surrounding area. Comparing this method to traditional balance 
assessment testing has various benefits. As the data gathered is measurable and can be analysed using computers to 
create relevant metrics, it firstly offers a more objective assessment of balance (17) . The ability to continuously monitor 
patients enables a more thorough evaluation of their balance over time. Finally, sensor-based method is suitable in a 
decentralized setting, including the patient's home, a clinic, or a community centre, and is non-invasive, enabling patients 
to walk around freely.  

FIBOD: This is a sensor-based balance board, with the option of a round foam sponge support at the base. To use it, 
the user must stand on the balance board and maintain balance for a set time, typically 10 seconds. The sensors on the 
board capture motion data, feeding it into an assessment algorithm to provide instant feedback. This includes balance 
scores and biofeedback, serving both as motivation and a tracking mechanism for standing balance progress. The system 
incorporates visual feedback via TV, alongside a timer and animated instructions to guide users. Compatibility with Android-
based devices like phones and TVs ensures versatile usage. The subject stands on the FIBOD, with feet apart at shoulder 
width, hands at the sides, and focuses on a point on the TV. Before starting, the subject is allowed to familiarize themselves 
with FIBOD, and there is a rest period between different balance test trials. The test can be conducted several times, with 
eyes both open and closed (18). FIBOD is suited for static and dynamic balance test. However, there were not many 
studies and norm data available based on FIBOD.  

Biodex Balance System SD: The Biodex Balance System SD is a dynamic balance testing and training tool. It offers a 
variety of balance tests and training settings, as well as real-time feedback on an interactive touch screen display (19). The 
balance platform adapts to different levels of instability on several different planes, challenging users and promoting 
balance development (20). This approach is frequently used in conjunction with conventional clinical tests like the Timed 
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Up and Go test and the Berg Balance Scale to provide a more thorough and objective evaluation of postural control and 
stability (21). It is especially helpful for finding balance deficiencies in groups like the elderly or people undergoing physical 
therapy (22). Biodex has been used in hospital settings and has published norm data. Nevertheless, it is heavier (89kg), 
less portable and more expensive compared to a conventional wobble board.  

NeuroCom Balance Master: Designed to unbiasedly evaluate and enhance balance, the NeuroCom Balance Master is 
a comprehensive computerized posturography device (23). It accurately measures changes in postural control and center 
of gravity under a variety of circumstances using force plate technology. This device can assess balance while performing 
both static and dynamic tasks, such as shifting one's weight, moving, and testing one's stability limit (24, 25). Clinical tests 
like the Clinical Test of Sensory Integration of Balance and the Romberg Test are frequently supplemented by it, giving 
clinicians precise quantitative data that might aid in creating individualized treatment regimens (26). Similarly to the Biodex 
system, it can be expensive and requires trained personnel. The space required for installation could also be a limitation 
for some facilities. 

The VertiGuard® RT system measures a user's reactions to disturbances by using a mix of body-worn accelerometers 
and gyroscopes. This offers factual information on a variety of balance-related topics, such as postural sway, postural 
reactions, and sensory integration (27). The software for the system also includes a number of workouts and assessments 
that enable a thorough evaluation of balance and sensory integration (28). This system's specificity and ability to measure 
balance under particular conditions could limit its application to a broader range of scenarios (29). 

Wii Balance Board: Originally intended as a gaming accessory, the Wii Balance Board has been proven to be a 
legitimate and trustworthy instrument for balance testing in clinical and research contexts. Through the use of pressure 
sensors, it measures the user's center of balance and weight changes. This tool can be used in conjunction with 
conventional tests like the Berg Balance Scale and provides a cost-effective alternative to more expensive balance systems 
(30). Due to its interactive features, balance training sessions might increase patient involvement (31). While accessible 
and affordable, it is less precise than medical-grade equipment. It was not originally intended for medical use, and its 
durability and longevity are often questioned (32). 

Proprio 5000: To evaluate and train balance, the Proprio 5000 combines force plate technology and infrared sensors. 
Weight shifts and postural control are measured by the apparatus, which provides objective data that may be compared to 
normative values or recorded over time to track development (33). Its gamified methodology makes balance training 
interesting and pleasurable, boosting user motivation and programme adherence (34). Its sophisticated six-degrees-of-
freedom movement testing is overwhelming for some users (35), especially older adults.  

Korebalance:  The Korebalance system tracks the user's changes in centre of gravity using sensors on a pressure-
sensitive platform. The platform's movements put the user's balance to the test, and the sensors provide them precise 
feedback on how they did (36). Korebalance is a flexible instrument for both evaluation and rehabilitation since it offers a 
wide variety of exercises and activities for balance training in addition to balance testing (37). The interactive aspect of this 
device could be distracting or confusing for some users. Again, the cost could be a limitation for some facilities (38). 

Balance Tracking System (BTrackS): BTrackS measures the forces generated by the feet using a force plate with 
integrated sensors, providing comprehensive information about the user's balance. Additionally, this device has software 
that analyses the data and generates measurements of balance and postural control that are objective (39, 40). A highly 
accurate and dependable approach for assessing balance is provided by the BTrackS Balance Plate, which is helpful for 
locating balance deficits and monitoring the development of rehabilitation (41). This system provides basic force plate 
technology, but it may not offer the full range of testing and interactive training options that some other systems provide 
(42). 

APDM Wearable Technologies: The Opal sensors, which are small wearable devices featuring tri-axial gyroscopes, 
accelerometers, and magnetometers, are used by APDM's Mobility Lab for this balancing evaluation system. These 
sensors record information about the user's motions and analyse it to generate balancing measurements (43, 44). APDM 
Mobility Lab not only replaces conventional techniques like the Timed Up and Go test and Berg Balance Scale, but it can 
also offer new insights into more intricate facets of balance, like anticipatory postural modifications and postural reaction 
to disturbances (45). 

HUR Balance Platforms: The HUR Balance Platforms feature integrated software that makes balance training and 
testing easier. The platforms give quick input on changes in center of gravity and weight distribution, enabling a thorough 
evaluation of a person's balance (46). Additionally, the platforms have exciting game-based training programmes that make 
learning balance easier for users (47). They not only offer a useful tool for measuring progress in balance training 
programmes and for adjusting those programmes to the individual's particular needs, but they can also supplement 
conventional balance examinations like the Balance Error Scoring System (48).The system lacks the versatility of some 
other balance assessment systems, and its reliability dependents on the user's ability to perform the tests correctly. 
 The TekscanMobileMat collects information on pressure distribution and the movement of the center of pressure using 
embedded pressure sensors spread out across the mat. As a result, it can give very particular and in-depth information 
about the user's stability and balance (49). The system's software also offers a number of exercises and assessments that 
can be tailored to the user's particular requirements, making it a flexible tool for training and assessing balance (50). While 
this is a portable option, it might not offer the same accuracy as larger, stationary systems. It measures pressure distribution 
but might lack the ability to provide comprehensive balance and postural stability metrics (51). Below is a list of sensor-
based devices summarized in Table 1. The type of sensors used and the conventional assessments that these devices 
can alternatively replace, is also mentioned. 
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Table 1. Sensor-based devices for balance assessment 

 

Name of 
Devices 

Sensors Type 
and 
Placement  

Aim Sampling 
Frequency 

Performance 
metrics 

Limitations 

FIBOD (18) Accelerometer
s, gyroscopes. 

To access and 
improve balance.  

20 Hz. Anterior-posterior 
stability index 
(APSI), medial-
lateral stability index 
(MLSI), sverall 
stability index (OSI), 
Sway velocity and 
zone ratio. 

Primarily focuses 
on static and 
dynamic balance 
and lacks norm 
data for 
comparison. 

Biodex 
Balance 
System SD 
(18) 

Pressure-
sensitive 
platform with 
multi-axial 
movement 
detection. 

To assess and 
improve balance, 
stability, and postural 
control, providing 
valuable data for 
rehabilitation and fall 
risk assessment. 

20 Hz. Biodex stability 
index (BSI) and 
limits of stability 
(LOS). 

Primarily focuses 
on basic functional 
tasks, may not 
capture subtle 
balance deficits. 

NeuroCom 
Balance 
Master (52) 

Force plate 
sensors 
placed on the 
floor. 

Assess static and 
dynamic balance 
through different type 
of tests. 

Approximately 
100 Hz. 

Speed of oscillation 
of the center of 
pressure. 
 

Has limitations in 
assessing balance 
during other 
directions of 
movement. 

VertiGuard® 
RT System 
(53) 

Wearable 
sensors 
(acceleromete
rs, 
gyroscopes). 

Real-time observation 
and evaluation of 
postural stability and 
control. 

Approximately 
100 Hz. 

Mean velocity of 
sway. 

Limitations in 
capturing specific 
balance deficits. 

Wii Balance 
Board. 

Pressure 
sensors 
placed in the 
four corners of 
the board. 

detect changes in 
balance and 
movement during 
game play. 

Approximately 
100 Hz. 

Center of pressure 
(COP) trajectory to 
derive features like 
total path length, 
medio-lateral and 
antero-posterior 
path length, range 
and sway speed, 
area of the 95% 
confidence ellipse 
(30). 

Limited in 
capturing postural 
stability during 
static tasks. 

Proprio 5000 
(54) 

Pressure-
sensitive mat 
sensors. 

Offers a thorough 
evaluation of balance 
and mobility for the 
prevention and 
rehabilitation of 
injuries. 

50 - 100 Hz. Composite balance, 
somatosensory 
ratio, visual ratio, 
and vestibular ratio. 

Limitations in 
capturing dynamic 
balance and 
mobility balance. 

Korebalance 
(38) 

Pressure-
sensitive 
platform 
sensors. 
  

Improve strength, 
balance, and 
coordination for 
athletic performance 
or rehabilitation.  

50 - 100 Hz. Dynamic motion 
analysis score. 

Limitations in 
assessing 
dynamic balance. 

Balance 
Tracking 
System 
(BTrackS) 
(40, 41) 

Force plate 
sensors. 

Assessment of 
balance and fall risk 
in vulnerable 
populations, such as 
the elderly and people 
with neurological 
problems. 

100 Hz. Center of pressure 
and Level of Service 
Area. 

Limitations in 
assessing 
dynamic balance 
during complex 
movements. 

APDM 
Wearable 
Technologies 

Wearable 
inertial 
sensors. 

Gathering and 
analysing mobility 
data for academic 
and therapeutic 
purposes. 

10 - 128 Hz. Gait and Balance 
Analysis, Kinematic 
measurements (44). 

Limitations in 
capturing dynamic 
balance. 
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Name of 
Devices 

Sensors Type 
and 
Placement  

Aim Sampling 
Frequency 

Performance 
metrics 

Limitations 

HUR 
Balance 
Platforms 

Pressure-
sensitive 
platform 
sensors. 

To evaluate balance 
and stability for 
rehabilitation and 
fitness training. 

50 - 100 Hz. Anthropometric 
measures and 
postural stability 
assessment (47) 

Limitations in 
capturing dynamic 
balance, not 
suitable for 
individuals with 
conditions other 
than stroke. 

 

4. CLINICAL STUDIES WITH SENSOR BASED BALANCE ASSESSMENT DEVICES 

Sensor-based balance assessments differ primarily from conventional practices in their data collection methods and 
approaches. Table 2 compares sensor-based and conventional balance assessment evaluations, utilizing technology 
devices like force plates, gyroscopes, and accelerometers to measure and quantify various elements of body movements 
and postural stability in a more detailed and quantitative manner. The analysis highlights the potential of combining sensor-
based and conventional methodologies for a better understanding of a person's balance (55). This study emphasizes the 
lack of available data on posturographic variable calculation techniques for identifying older adults at high risk of falling, 
underscoring the need for future research to pay more attention to methodological specifics and standardization to enhance 
reproducibility. 
 

Table 2. Studies comparing sensor based and conventional balance assessment 

 

Research Titles Measurement Tools Outcome 
Measure 

Analysis Key Findings 

Validity of using 
wearable inertial 
sensors for 
assessing the 
dynamics of standing 
balance (55). 
 
 

Berg Balance Scale 
Two-minute standing test 
on a force-plate 

Risk of fall 
 

RMSE (root-
mean square 
error) 
Correlation 
coefficient 
ANOVA 
 

High correlation between 
balance assessments of 
wearable inertial sensors and 
traditional clinical measures. 
The drawbacks are the need 
for sensor calibration and data 
variability due to sensor 
positioning.  

Evaluation of the 
Tinetti score and fall 
risk assessment via 
accelerometry-based 
movement analysis 
(56). 
 

Wearable 
accelerometer 
Tinetti clinical scale 

Risk of fall 
  

Correlation 
analysis 

Accelerometers provide higher 
predictive accuracy for fall risk 
compared to the Tinetti score 
alone and can identify more 
subtle movement patterns 
associated with increased fall 
risk. 

Examining the 
reliability, correlation, 
and validity of 
commonly used 
assessment tools to 
measure balance 
(57). 

Biodex Balance 
System SD 
Timed-up-and-go 
(TUG) 
Four-square step test 
(FSST) 

Postural 
stability 
(sway and 
limit of 
stability)  

Shapiro-Wilk 
testing 

The Biodex SD has strong 
test-retest reliability. Weak 
construct validity between 
TUG, FSST, and Biodex SD 
measures indicating more than 
one measure is needed to 
assess different aspects of a 
patient's balance deficits. 

Estimating Berg 
Balance Scale and Mini 
Balance Evaluation 
System Test Scores by 
Using Wearable Shoe 
Sensors (58). 

Berg Balance Scale 
Mini Balance 
Evaluation System 
Test 
Wearable sensor system 
embedded in the shoe 
and a hip accelerometer 

Risk of fall Correlation 
Bland-
Altman plots 
Means and 
standard 
deviation  

Wearable shoe sensors, used 
with support vector machine 
algorithm, can estimate the 
Berg Balance Scale and Mini 
Balance Evaluation System 
Test scores. The sensor 
measurements demonstrate 
high agreement with falls 
history. 

 
 

A study mentioned by Massimo W. Rivolta et al. (56) combines the Tinetti clinical scale with a wearable accelerometer. 
The Tinetti score serves as a benchmark for effectively classifying individuals into high or low risk of falling based on 
variables derived from accelerometric data. The study highlights the significant correlation coefficient (0.71) between the 
Tinetti score and chosen features, demonstrating the strong potential of accelerometry-based movement analysis for 
assessing fall risk. Diverse techniques such as feature extraction, regression, classification, and correlation provide a 
comprehensive understanding of accelerometer data's predictive value. 
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 In another study by Dawson et al. (57) focusing on the validity, reliability, and correlation of various balance assessment 
instruments, postural stability is the outcome measure. The study incorporates the Biodex Balance System SD, Timed Up 
and Go (TUG), and Four-Square Step Test (FSST). The study reveals strong correlations between the Biodex Balance 
System and TUG and FSST, indicating the instruments' reliability in assessing postural stability. 

 Additionally, a study by W. Tang et al.  assesses balance assessment using a wearable sensor system's representation 
of scores from the Mini Balance Evaluation System Test and the Berg Balance Scale (58, 59). Using Bland-Altman plots, 
correlation analyses, and mean and standard deviation comparisons, the study suggests the intriguing potential of 
technology-based evaluations to produce reliable estimates comparable to those from conventional clinical balancing 
exams. The comprehensive methodology employed in this study underscores the promising role of wearable sensors in 
providing accurate assessments of balance. 
 These studies showed the promising alternatives that can be offered by using sensor-based measurements to 
complement traditional approaches yet, there is no one-size-fits-all system that can replace all conventional methods. 
Hence, clinicians can use the sensor-based systems for continuous measurements, objective scores and performance 
tracking but will still need certain conventional tests to identify other aspects of balance deficits that cannot be covered by 
a particular device. More studies comparing the sensor-based metrics and conventional balance assessments are still 
needed to provide a more comprehensive understanding of the capabilities and limitations of these systems.  
 

5. CONCLUSION 

Traditional balance tests may not always capture the nuanced issues of individual subjects and are often insufficiently 
sensitive. The demand for more sophisticated and rigorous testing methods by healthcare professionals is growing, 
particularly as previous methods may not comprehensively cover individuals at high risk of falls or those with severe 
neurological problems. Recent advancements in inertial sensor technology hold promise for improving the accuracy of 
dynamic balance assessments during clinical evaluations. Further research is necessary to explore sensor-based balance 
assessment as a potential replacement for traditional methods. It is suggested that sensor technologies can objectively 
measure both static and dynamic balance activities, providing insights into the efficacy and integration of motor control 
subsystems throughout the recovery process. The future of balance evaluation appears poised for a shift towards objective, 
technologically-enhanced methods. Such evaluations are likely to become the standard practice for managing patients 
with concussions, rehabilitating stroke survivors, and caring for the elderly. A comprehensive, adaptable, and sophisticated 
assessment, tailored to the individual's recovery phase and capable of challenging them sufficiently to gauge progress 
accurately, is recommended. 

 

ACKNOWLEDGMENT 
 
This work is supported by Universiti Teknologi Malaysia Exploratory Research Grant Q.J130000.3851.20J18. 
 

CONFLICT OF INTEREST 
 
The authors declare no conflict of interest. 

REFERENCES 

(1) Zampogna A, Mileti I, Palermo E, Celletti C, Paoloni M, Manoni A, Mazzetta I, Dalla Costa G, Pérez-López C, 
Camerota F, Leocani L, Cabestany J, Irrera F, Suppa A. Fifteen years of wireless sensors for balance assessment 
in neurological disorders. Sensors. 2020; 20(11):3247. https://doi.org/10.3390/s20113247. 

(2) Ageing and Health (AAH), Maternal, Newborn, Child & Adolescent Health & Ageing (MCA) [Internet]. WHO global 
report on falls prevention in older age. World Health Organization. 2008. [cited 2024 Jul 20]. Available from: 
https://www.who.int/publications/i/item/9789241563536.  

(3) Matheron E, Dubost V, Mourey F, Pfitzenmeyer P, Manckoundia P. Analysis of postural control in elderly subjects 
suffering from psychomotor disadaptation syndrome (PDS). Arch Gerontol Geriatr. 2010; 51(1): 
e23.https://doi.org/10.1016/j.archger.2009.07.003. 

(4) Florence CS, Bergen G, Atherly A, Burns E, Stevens J, Drake C. Medical costs of fatal and nonfatal falls in older 
adults. J Am Geriatr Soc. 2018; 66(4):693–698.. https://doi.org/10.1111/jgs.15304. 

(5) Cadore EL, Rodríguez-Mañas L, Sinclair A, Izquierdo M. Effects of different exercise interventions on risk of falls, 
gait ability, and balance in physically frail older adults: A systematic review. Rejuvenation Res. 2013; 16(2):105–
114. https://doi.org/10.1089/rej.2012.1397. 

(6) Bloem BR, Steijns JA, Smits-Engelsman BC. An update on falls. Curr Opin Neurol. 2003; 16(1):15–26. 
https://doi.org/10.1097/01.wco.0000053580.70044.70. 

(7) Dorsey ER, Glidden AM, Holloway MR, Birbeck GL, Schwamm LH. Teleneurology and mobile technologies: The 
future of neurological care. Nat Rev Neurol. 2018; 14(5):285–297. https://doi.org/10.1038/nrneurol.2018.31. 

(8) Stolze H, Klebe S, Zechlin C, Baecker C, Friege L, Deuschl G. Falls in frequent neurological diseases: Prevalence, 
risk factors and aetiology. J Neurol. 2004; 251:79–84. https://doi.org/10.1007/s00415-004-0276-8. 

(9) Bernhard FP, Sartor J, Bettecken K, Hobert MA, Arnold C, Weber YG, Poli S, Margraf NG, Schlenstedt C, Hansen 
C, Maetzler W. Wearables for gait and balance assessment in the neurological ward - Study design and first results 

https://doi.org/10.3390/s20113247
https://www.who.int/publications/i/item/9789241563536
https://doi.org/10.1016/j.archger.2009.07.003
https://doi.org/10.1111/jgs.15304
https://doi.org/10.1089/rej.2012.1397
https://doi.org/10.1097/01.wco.0000053580.70044.70
https://doi.org/10.1038/nrneurol.2018.31
https://doi.org/10.1007/s00415-004-0276-8


Hanim et al. /Journal of Human Centered Technology 3: 2 (2024) 36 – 43  

 

© 2024 Penerbit UTM Press. All rights reserved  
https://www.humentech.utm.my  

https://doi.org/10.11113/humentech.v3n2.79 
42 

 

of a prospective cross-sectional feasibility study with 384 inpatients. BMC Neurol. 2018; 18(1):114. 
https://doi.org/10.1186/s12883-018-1111-7. 

(10) Patel S, Park H, Bonato P, Chan L, Rodgers M.  A review of wearable sensors and systems with application in 
rehabilitation. J Neuroeng Rehabil. 2012; 9(1):21. https://doi.org/10.1186/1743-0003-9-21. 

(11) Silsupadol P, Teja K, Lugade V. Reliability and validity of a smartphone-based assessment of gait parameters 
across walking speed and smartphone locations: Body, bag, belt, hand, and pocket. Gait Posture. 2017; 58:516–
522. https://doi.org/10.1016/j.gaitpost.2017.09.030. 

(12) Shafi H, Awan WA, Olsen S, Siddiqi FA, Tassadaq N, Rashid U, Niazi IK. Assessing gait & balance in adults with 
mild balance impairment: G&B app reliability and validity. Sensors. 2023; 23(24):9718. 
https://doi.org/10.3390/s23249718. 

(13) Pooranawatthanakul K, Siriphorn A. Testing the validity and reliability of a new android application-based 
accelerometer balance assessment tool for community-dwelling older adults. Gait Posture. 2023; 104:103–108. 
https://doi.org/10.1016/j.gaitpost.2023.06.016. 

(14) Gordt K, Gerhardy T, Najafi B, Schwenk M. Effects of wearable sensor-based balance and gait training on balance, 
gait, and functional performance in healthy and patient populations: A systematic review and meta-analysis of 
randomized controlled trials. Gerontology. 2017; 64(1):74–89. https://doi.org/10.1159/000481454. 

(15) Strongman C, Cavallerio F, Timmis MA, Morrison A. A scoping review of the validity and reliability of smartphone 
accelerometers when collecting kinematic gait data. Sensors. 2023; 23(20):8615. 
https://doi.org/10.3390/s23208615. 

(16) Hundza SR, Hook WR, Harris CR, Mahajan SV, Leslie PA, Spani CA, Spalteholz LG, Benjamin JB, Commandeur 
DT, Livingston NJ. Accurate and reliable gait cycle detection in Parkinson's disease. IEEE Trans Neural Syst 
Rehabil Eng. 2014; 22:127–137. https://doi.org/10.1109/TNSRE.2013.2282080. 

(17) Cuesta-Vargas A, Cano Herrera CL, Formosa D, Burkett B. Electromyographic responses during time get up and 
go test in water (wTUG). SpringerPlus. 2013; (2): 217. https://doi.org/10.1186/2193-1801-2-217. 

(18) Woon YKY, Su ELM, Khor KX, Abdullah MNB, Yeong CF. Comparison between Romberg test with sensor-based 
balance assessment using electronic wobble board. J Phys Conf Ser. 2023; 2622(1):012009. 
https://doi.org/10.1088/1742-6596/2622/1/012009. 

(19) Siddiqi FA, Masood T. Training on Biodex balance system improves balance and mobility in the elderly. J Pak Med 
Assoc. 2018; 68(11):1655–1659. PMID: 30410145. 

(20)  Donath L, Rössler R, Faude O. Effects of virtual reality training (exergaming) compared to alternative exercise training 
and passive control on standing balance and functional mobility in healthy community-dwelling seniors: A meta-
analytical review. Sports Med. 2016; 46(9):1293–1309. https://doi.org/10.1007/s40279-016-0485-1. 

(21) Lam FM, Lau RW, Chung RC, Pang MY. The effect of whole body vibration on balance, mobility and falls in older 
adults: A systematic review and meta-analysis. Maturitas. 2012; 72(3):206–213.  
https://doi.org/10.1016/j.maturitas.2012.04.009. 

(22) Riemann B, Davies G. Limb, sex, and anthropometric factors influencing normative data for the biodex balance 
system sd athlete single leg stability test. Athl Train Sports Health Care. 2013; 5:224–232.  
https://doi.org/10.3928/19425864-20130827-02. 

(23) Missaoui B, Miri I, FZ BS, Dziri C. Role of the neurocom balance master in assessment of gait problems and risk of 
falling in elderly people. Ann Readapt Med Phys. 2006; 49(5):210–217. 
https://doi.org/10.1016/j.annrmp.2006.03.005. 

(24) Naylor ME, Romani WA. Test-retest reliability of three dynamic tests obtained from active females using the 
NeuroCom Balance Master. J Sport Rehabil. 2006; 15(4):326–337. https://doi.org/10.1123/jsr.15.4.326.  

(25) Bartolo C, Miller K, Seals R, Stotesbery C. Examination of tester reliability utilizing the limits of stability test on the 
neurocom balance master for assessing balance in healthy individuals. Phys Ther Scholarly Projects. 2002; 34.  

(26) Harro CC, Marquis A, Piper N, Burdis C. Reliability and validity of force platform measures of balance impairment 
in individuals with Parkinson disease. Phys Ther. 2016; 96(12):1955–1964. https://doi.org/10.2522/ptj.20160099. 

(27) Soto-Varela A, Gayoso-Diz P, Faraldo-García A, Rossi-Izquierdo M, Vaamonde-Sánchez-Andrade I, Del-Río-
Valeiras M, Lirola-Delgado A, Santos-Pérez S. Optimising costs in reducing rate of falls in older people with the 
improvement of balance by means of vestibular rehabilitation (ReFOVeRe study): A randomized controlled trial 
comparing computerised dynamic posturography vs mobile vibrotactile posturography system. BMC Geriatr. 2019; 
19: 1–8. https://doi.org/10.1186/s12877-018-1019-5. 

(28) Basta D, Ernst A. Vibrotactile neurofeedback training with the Vertiguard®-RT-system: A placebo-controlled double-
blinded pilot study on vestibular rehabilitation. HNO. 2011; 59(10):1005–1011. https://doi.org/10.1007/s00106-011-
2346-4. 

(29) Brugnera C, Bittar RSM, Greters ME, Basta D. Effects of vibrotactile vestibular substitution on vestibular 
rehabilitation: Preliminary study. Braz J Otorhinolaryngol. 2015; 81:616–621. 
https://doi.org/10.1016/j.bjorl.2015.08.013. 

(30) Clark RA, Mentiplay BF, Pua YH, Bower KJ. Reliability and validity of the Wii balance board for assessment of 
standing balance: A systematic review. Gait Posture. 2018; 61:40–54. 
https://doi.org/10.1016/j.gaitpost.2017.12.022. 

(31) Eshoj H, Juul-Kristensen B, Jørgensen RGB, Søgaard K. Reproducibility and validity of the Nintendo Wii Balance 
Board for measuring shoulder sensorimotor control in prone lying. Gait Posture. 2017;52:211–216. 
https://doi.org/10.1016/j.gaitpost.2016.12.003. 

(32) Clark RA, Bryant AL, Pua Y, McCrory P, Bennell K, Hunt M. Validity and reliability of the Nintendo Wii balance board 
for assessment of standing balance. Gait Posture. 2010; 31(3):307–310. 
https://doi.org/10.1016/j.gaitpost.2009.11.012. 

https://doi.org/10.1186/s12883-018-1111-7
https://doi.org/10.1186/1743-0003-9-21
https://doi.org/10.1016/j.gaitpost.2017.09.030
https://doi.org/10.3390/s23249718.
https://doi.org/10.1016/j.gaitpost.2023.06.016
https://doi.org/10.1159/000481454
https://doi.org/10.3390/s23208615
https://doi.org/10.1109/TNSRE.2013.2282080.
https://doi.org/10.1186/2193-1801-2-217.
https://doi.org/10.1088/1742-6596/2622/1/012009
https://doi.org/10.1007/s40279-016-0485-1
https://doi.org/10.1016/j.maturitas.2012.04.009
https://doi.org/10.1016/j.maturitas.2012.04.009
https://doi.org/10.3928/19425864-20130827-02
https://doi.org/10.3928/19425864-20130827-02
https://doi.org/10.1016/j.annrmp.2006.03.005
https://doi.org/10.1123/jsr.15.4.326
https://doi.org/10.2522/ptj.20160099
https://doi.org/10.1186/s12877-018-1019-5
https://doi.org/10.1007/s00106-011-2346-4.
https://doi.org/10.1007/s00106-011-2346-4.
https://doi.org/10.1016/j.bjorl.2015.08.013
https://doi.org/10.1016/j.gaitpost.2017.12.022
https://doi.org/10.1016/j.gaitpost.2016.12.003
https://doi.org/10.1016/j.gaitpost.2009.11.012


Hanim et al. /Journal of Human Centered Technology 3: 2 (2024) 36 – 43  

 

© 2024 Penerbit UTM Press. All rights reserved  
https://www.humentech.utm.my  

https://doi.org/10.11113/humentech.v3n2.79 
43 

 

(33) Broglio SP, Sosnoff JJ, Rosengren KS, McShane K. A comparison of balance performance: computerized dynamic 
posturography and a random motion platform. Arch Phys Med Rehabil. 2009; 90(1):145–150. 
https://doi.org/10.1016/j.apmr.2008.06.025. 

(34) Pluchino A, Lee SY, Asfour S, Roos BA, Signorile JF. Pilot study comparing changes in postural control after training 
using a video game balance board program and 2 standard activity-based balance intervention programs. Arch 
Phys Med Rehabil. 2012; 93(7):1138–1146. https://doi.org/10.1016/j.apmr.2012.01.023. 

(35) Strubhar AJ, Peterson ML, Aschwege J, Ganske J, Kelley J, Schulte H. The effect of text messaging on reactive 
balance and the temporal and spatial characteristics of gait. Gait Posture. 2015; 42(4):580–583. 
https://doi.org/10.1016/j.gaitpost.2015.09.007. 

(36) Karatekin BD, Yasin S, Yumusakhuylu Y, Bayram F, Icagasioglu A. Validity of the Korebalance® balance system 
in patients with postmenopausal osteoporosis. Medeniyet Med J. 2020; 35(2):79. 
https://doi.org/10.5222/MMJ.2020.18828. 

(37) Dogruoz Karatekin B, Yasin S, Yumusakhuylu Y, Bayram F, Icagasioglu A. validity of the Korebalance® balance 
system in patients with postmenopausal osteoporosis. Medeni Med J. 2020; 35(2):79–84. 
https://doi.org/10.5222/mmj.2020.18828. 

(38) Karmelek G and Linder S. SLP use of KoreBalance device for cognitive assessment and treatment [Internet]. Poster 
presentation. [cited 2024 Jul 25] Available from: https://www.gracent.com/wp-
content/uploads/2018/10/KoreBalance-for-Cognitive-Assessment-and-Treatment-ASC-11-171.pdf. 

(39) Levy SS, Thralls KJ, Kviatkovsky SA. Validity and reliability of a portable balance tracking system, BTrackS, in older 
adults. J Geriatr Phys Ther. 2018; 41(2):102–107. https://doi.org/10.1519/JPT.0000000000000111. 

(40) Nolff MR, Kapur S, Kendall BJ, Doumas M, Conner NO, Chander H, Haworth JL, Goble DJ. An initial set of reference 
values for the balance tracking system (BTrackS) limits of stability protocol. Gait Posture. 2024; 107:67–71. 
https://doi.org/10.1016/j.gaitpost.2023.09.008.  

(41) Goble DJ, Manyak KA, Abdenour TE, Rauh MJ, Baweja HS. An initial evaluation of the BTrackS balance plate and 
sports balance software for concussion diagnosis. Int J Sports Phys Ther. 2016; 11(2):149–155.  

(42) Murray NG, Grotewold C, Szekely B, Powell D, Munkasy B. Validity and reliability of the balance tracking system 
during feet together stance. Measurement. 2018; 126:96–101. https://doi.org/10.1016/j.measurement.2018.05.039. 

(43) Dobkin BH, Martinez C. Wearable sensors to monitor, enable feedback, and measure outcomes of activity and 
practice. Curr Neurol Neurosci Rep. 2018; 18:1–8. https://doi.org/10.1007/s11910-018-0896-5. 

(44) Papi E, Osei-Kuffour D, Chen Y-MA, McGregor AH. Use of wearable technology for performance assessment: A 
validation study. Med Eng Phys. 2015; 37(7):698–704. https://doi.org/10.1016/j.medengphy.2015.03.017. 

(45) Lin WY, Chou WC, Tsai TH, Lin CC, Lee MY. Development of a wearable instrumented vest for posture monitoring 
and system usability verification based on the technology acceptance model. Sensors (Basel). 2016; 16(12):2172. 
https://doi.org/10.3390/s16122172.  

(46) Hur P, Rosengren KS, Horn GP, Smith DL, Hsiao-Wecksler ET. Effect of protective clothing and fatigue on functional 
balance of firefighters. J Ergonomics. 2013; S2. https://doi.org/10.4172/2165-7556.S2-004. 

(47) Sheehan DP, Katz L. The effects of a daily, 6-week exergaming curriculum on balance in fourth grade children. J 
Sport Health Sci. 2013; 2(3):131–137. https://doi.org/10.1016/j.jshs.2013.02.002. 

(48) Sheehan D, Katz L. The impact of a six week exergaming curriculum on balance with grade three school children 
using the Wii Fit+™. Int J Comput Sci Sport. 2012; 11:5–22.  

(49) Houston MN, Peck KY, Malvasi SR, Roach SP, Svoboda SJ, Cameron KL. Reference values for the balance error 
scoring system as measured by the Tekscan MobileMat™ in a physically active population. Brain Inj. 2019; 
33(3):299–304. https://doi.org/10.1080/02699052.2018.1552021. 

(50) Reneker JC, Slaughter J, Scruggs A, Pannell WC. Technology and concussion: A scoping review. J Concussion. 
2021; 5:2059700221992952. https://doi.org/10.1177/2059700221992952. 

(51) Ahsan M, Shanab AA, Nuhmani S. Plantar pressure distribution among diabetes and healthy participants: A cross-
sectional study. Int J Prev Med. 2021; 12:88. https://doi.org/10.4103/ijpvm.IJPVM_257_20. 

(52) Baczkowicz D, Szczegielniak J, Proszkowiec M. Relations between postural stability, gait, and falls in elderly 
persons—preliminary report. Ortop Traumatol Rehabil. 2008; 10(5):478–485.  

(53) Rossi-Izquierdo M, Ernst A, Soto-Varela A, Santos-Pérez S, Faraldo-García A, Sesar-Ignacio Á, Basta D. 
Vibrotactile neurofeedback balance training in patients with Parkinson's disease: Reducing the number of falls. Gait 
Posture. 2013; 37(2):195–200. https://doi.org/10.1016/j.gaitpost.2012.07.002. 

(54) Ni M, Mooney K, Richards L, Balachandran A, Sun M, Harriell K, Potiaumpai M, Signorile JF. Comparative impacts 
of Tai Chi, balance training, and a specially-designed yoga program on balance in older fallers. Arch Phys Med 
Rehabil. 2014; 95(9):1620–1628.e30. https://doi.org/10.1016/j.apmr.2014.04.022.  

(55) Noamani A, Nazarahari M, Lewicke J, Vette AH, Rouhani H. Validity of using wearable inertial sensors for assessing 
the dynamics of standing balance. Med Eng Phys. 2020; 77:53–59. 
https://doi.org/10.1016/j.medengphy.2019.10.018. 

(56) Rivolta MW, Aktaruzzaman M, Rizzo G, Lafortuna CL, Ferrarin M, Bovi G, Bonardi DR, Caspani A, Sassi R. 
Evaluation of the Tinetti score and fall risk assessment via accelerometry-based movement analysis. Artif Intell 
Med. 2019; 95:38–47. https://doi.org/10.1016/j.artmed.2018.08.005. 

(57) Dawson N, Dzurino D, Karleskint M, Tucker J. Examining the reliability, correlation, and validity of commonly used 
assessment tools to measure balance. Health Sci Rep. 2018; 1(12). https://doi.org/10.1002/hsr2.98.  

(58) Tang W, Fulk G, Zeigler S, Zhang T, Sazonov E. Estimating Berg balance scale and mini balance evaluation system 
test scores by using wearable shoe sensors. Proc IEEE Biol Health Inf Conf (BHI). 2019: 1–4. 
https://doi.org/10.1109/BHI.2019.8834631.  

https://doi.org/10.1016/j.apmr.2008.06.025
https://doi.org/10.1016/j.apmr.2012.01.023
https://doi.org/10.1016/j.gaitpost.2015.09.007
https://doi.org/10.5222/MMJ.2020.18828
https://doi.org/10.5222/mmj.2020.18828
https://www.gracent.com/wp-content/uploads/2018/10/KoreBalance-for-Cognitive-Assessment-and-Treatment-ASC-11-171.pdf
https://www.gracent.com/wp-content/uploads/2018/10/KoreBalance-for-Cognitive-Assessment-and-Treatment-ASC-11-171.pdf
https://doi.org/10.1519/JPT.0000000000000111
https://doi.org/10.1016/j.gaitpost.2023.09.008
https://doi.org/10.1016/j.measurement.2018.05.039
https://doi.org/10.1007/s11910-018-0896-5
https://doi.org/10.1016/j.medengphy.2015.03.017
https://doi.org/10.3390/s16122172.
https://doi.org/10.4172/2165-7556.S2-004
https://doi.org/10.1016/j.jshs.2013.02.002
https://doi.org/10.1080/02699052.2018.1552021
https://doi.org/10.1177/2059700221992952
https://doi.org/10.4103/ijpvm.IJPVM_257_20
https://doi.org/10.1016/j.gaitpost.2012.07.002.
https://doi.org/10.1016/j.apmr.2014.04.022
https://doi.org/10.1016/j.medengphy.2019.10.018
https://doi.org/10.1016/j.artmed.2018.08.005
https://doi.org/10.1002/hsr2.98
https://doi.org/10.1109/BHI.2019.8834631


Hanim et al. /Journal of Human Centered Technology 3: 2 (2024) 36 – 43  

 

© 2024 Penerbit UTM Press. All rights reserved  
https://www.humentech.utm.my  

https://doi.org/10.11113/humentech.v3n2.79 
44 

 

(59) Whitney SL, Wrisley DM, Furman JM. Concurrent validity of the Berg Balance scale and the dynamic gait index in 
people with vestibular dysfunction. Physiother Res Int. 2003; 8:178–186. https://doi.org/10.1002/pri.288. 

https://doi.org/10.1002/pri.288

