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Abstract: The Timed-Up and Go (TUG) test is widely utilized by healthcare professionals for assessing
fall risk and mobility due to its practicality. Currently, test results are based solely on execution time,
but integrating technological devices into the test can provide additional information to enhance result
accuracy. This study aimed to assess the reliability of smartphone-based instrumented TUG (iTUG)
parameters. We conducted evaluations of intra- and inter-device reliabilities, hypothesizing that
iTUG parameters would be replicable across all experiments. A total of 30 individuals participated
in Experiment A to assess intra-device reliability, while Experiment B involved 15 individuals to
evaluate inter-device reliability. The smartphone was securely attached to participants’ bodies at the
lumbar spine level between the L3 and L5 vertebrae. In Experiment A, subjects performed the TUG
test three times using the same device, with a 5 min interval between each trial. Experiment B required
participants to perform three trials using different devices, with the same time interval between trials.
Comparing stopwatch and smartphone measurements in Experiment A, no significant differences
in test duration were found between the two devices. A perfect correlation and Bland—-Altman
analysis indicated good agreement between devices. Intra-device reliability analysis in Experiment A
revealed significant reliability in nine out of eleven variables, with four variables showing excellent
reliability and five showing moderate to high reliability. In Experiment B, inter-device reliability
was observed among different smartphone devices, with nine out of eleven variables demonstrating
significant reliability. Notable differences were found in angular velocity peak at the first and second
turns between specific devices, emphasizing the importance of considering device variations in
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inertial measurements. Hence, smartphone inertial sensors present a valid, applicable, and feasible
alternative for TUG assessment.

Keywords: biomechanical phenomena; smartphone; test reproducibility; program evaluation;
research instrument evaluation; timed-up and go test

1. Introduction

The Timed-Up and Go (TUG) test is widely used by healthcare professionals as a means
to evaluate various aspects of mobility [1]. Aligned with the International Classification of
Functioning, Disability and Health, the TUG test serves as a quick and straightforward tool,
highlighting the importance of gait and transfers in the performance of daily activities [2].
In addition to its role in the assessment of fall risk, the TUG test is also used to evaluate the
functionality of the lower extremities and overall mobility [3].

Currently, the clinical interpretation of the TUG test revolves around a single param-
eter, that is, the time taken by individuals to complete the test [2]. It is conventionally
established that a duration exceeding 15 s indicates a high risk of falls [3]. Despite the
growing application of the TUG test across various populations, uncertainties persist about
its accuracy in predicting fall risk outcomes in specific groups [2].

To address these concerns and facilitate a more objective evaluation of individuals’
performance, technological devices have been introduced in the assessment of the TUG
test [4]. These devices not only provide additional data for complementary analyses but
also have the potential to automate the test, allowing its administration in a home envi-
ronment [5]. These advancements represent significant progress in the field of functional
assessment, which benefits various populations.

Accelerometers and gyroscopes are currently the most commonly used sensors to
instrument the standard TUG test, in a method known as instrumented TUG (iTUG) [5].
Extensive research has focused on parameters such as test duration, average joint angles,
maximum trunk angle change, number of steps, threshold, and total foot contact time, as
evidenced by a systematic review conducted by Ponciano et al. (2020) [3]. Using built-in
inertial sensors, smartphones have emerged as a particularly promising tool for health
assessment, including the evaluation of the iTUG test. In particular, the widespread use of
smartphones in daily life eliminates the need for specific equipment acquisition, making
them a convenient option. However, it is imperative to validate and assess the reliability of
smartphone inertial sensors to fully understand their diagnostic potential [3].

Table 1 shows numerous studies that have demonstrated the applicability of inertial
sensors in smartphones for iTUG execution (see Table 1). The scarcity of validation against
gold standards and reliability studies remains evident. Gold standard validation in the
context of assessing a measurement tool or diagnostic test involves comparing its results
to those obtained from a widely accepted, definitive, or established reference method or
criterion. In the case of the Timed-Up and Go (TUG) test and its instrumented version
(iTUG), the gold standard could involve direct observation of the participant’s performance
by trained healthcare professionals (i.e., with a chronometer measurement) and detailed
motion analysis using sophisticated laboratory equipment that provides accurate and
reliable measurements of mobility, gait, and fall risk (i.e., motion camera acquisition).
Furthermore, reliability studies are crucial in assessing the consistency and dependability
of measurement tools or diagnostic tests, especially in healthcare contexts. In the context of
the TUG test and iTUG, reliability studies are essential for establishing the consistency of
the obtained measurements of mobility, gait, and fall risk. These studies ensure that the
results obtained from the TUG test or iTUG are not influenced by random variability or
measurement errors, thus enhancing the validity of the assessments.

In this context, the scientific value of comparing parameters obtained from different
smartphones lies in understanding the generalizability and reliability of smartphone-
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based assessments across various devices. This comparative analysis helps establish the
consistency and robustness of the measurements, irrespective of the specific smartphone
used. It also provides insights into the potential variability in sensor performance among
different smartphone models, which is essential for ensuring the reliability and validity of
the assessments in real-world settings.

Few investigations have studied the reliability of the iTUG considering different
examiners and different tests from the same individual [6-9]. Mellone et al. (2012) [6]
employed an Android smartphone and found excellent reliability between the smartphone
and commercial accelerometer and intra-subject reliability between two trials recorded by
the smartphone. Two additional studies [8,9] also confirmed inter-device reliability, albeit
focusing solely on temporal parameters. Another limitation is that none of the studies
assessed the replicability of the quantitative parameters of the iTUG across different devices.

Given the potential of smartphone inertial sensors to assess performance in the iTUG
test and the existing gap in the literature, the present study aims to evaluate the reliability of
the smartphone-based iTUG parameters. We proceeded with evaluations of intra and inter-
device reliabilities hypothesizing that iTUG parameters are replicable in all experiments. If
proven reliable, it might be a convenient and cost-effective means of assessing mobility and
fall risk, potentially applied in the field of functional assessment in healthcare.

Table 1. Studies that have demonstrated the applicability of inertial sensors in smartphones for
iTUG execution.

Gold-Standard

Autor (Year) SPIE:;?:)I;(.:;"E/ TUG Sensors Validation and Objective Population
8 Reliability
(Silva & Sousa Not speci- Accand Segmentation of stages ingil\ilfsg;ls
’ fied /Pocket or 30s TUG No .
2016) [10] . gyros and data extraction. from the
waist or leg
community.
Assessing the
TUG intra-rater and .
(Mellone et al., . HTC extended Acc Reliability inter-rater reliability of W%tho‘ut
2012) [6] Desire/Lumbar . criteria.
(7 m) a smartphone in the
TUG test.
Classify the domains of
Sansum an instrumented Timed
(Coni et al., & Acc and Up and Go (TUG) test Elderly
Galaxy SII and TUG No . : o
2015) [11] . gyros and investigate the individuals.
SITI/ Waist
functional decline
associated with aging.
Determine kinematic
variables that show the
(Galan-Mercant TUG Acc, gyros highest level of Frail and
Cuesterar as 4/ISI:c}e11?;15m extended and magne- No dlzccj':lr;i;};:; ne(ig_ef;fﬂ
8as, (10 m) tometer & | soery
2015) [12] between two groups of individuals.
elderly individuals
(frail and non-frail).
Describing the
parameters used to Individuals
(Milosevic et al Nexus Acc, gyros, qiiﬁlg t()};eit;rrgscf;?t Parl‘g::on’s
i TUG and magne- No o1 .
2013) [13] 4 /Pectoral tometer extracting the disease and
parameters from healthy
signals captured by individuals.

smartphone Sensors.
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Table 1. Cont.
Gold-Standard
Autor (Year) Sma.r t'ph(.)ne/ TUG Sensors Validation and Objective Population
Positioning 1 ers
Reliability
(Galan-Mercant Iphone UG Acc and s Assessing reliability Healthy older
etal, 2014) [7] 4/Sternum extended ayros Reliability and concurrent adulfs (5)
v (10 m) criterion validity. ’
TUG Identify the features
(Palmerini et al., that are most sensitive Healthy
HTC/Lumbar extended Acc No g
2011) [14] (7 m) to locomotor individuals.
performance.
Collect quantitative
data on lower limb
(Merchan- Acc, gyros, function during the
Baeza et al., Ip hs()r1eeCi5fis!(:Il\Iot TUG and magne- Reliability execution of the TUG incllail\if:lrl};ls
2018) [8] P tometer and STS tests in uals.
individuals in the acute
phase of stroke.
Characterize
Parkinson’s patients
and the gait Psychiatric
performance of patients and
(H. Yahalom Iphone TUG Gyros No psy.chlatrlc patler'lts patients with
et al., 2020) [15] 5s/Sternum using neuroleptic . ,
o Parkinson’s
medication and disease
compare them with ’
Parkinson’s disease
and healthy controls.
Assessing the
(Campillay reprodugblhty of the Community-
. Iphone Acc and S elapsed times between .
Guzmén et al,, TUG Reliability dwelling older
2017) [9] 4/Lumbar gyros the start and end of the adults
subphases of the TUG '
test.
Active older
Evaluate the usefulness adults and
(Ishikawa et al., Acc and of measuring the times patients with
2019) [16] Iphone/Abdomen  TUG gyros No of 6 components of the normal
TUG. pressure
hydrocephalus.
Elderly
Assess how well the individuals
. . mean features of attending an
(Be;%gg)l S[tl (;; al. PSI_/hIiiYni)lar TUG Accraor;d No inertial sensors could outpatient
8y predict the total score clinic and
of the CBMS. healthy elderly
individuals.
2. Methods

2.1. Ethical Considerations

The procedures carried out in this investigation were approved by the Research Ethics
Committee of the Federal University of Para (CAAE: 63499622.0.0000.0018), adhering to
the guidelines for research involving human subjects described in Resolution 466,/2012 of
the National Health Council.
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2.2. Participants

We conducted experimental procedures to evaluate intra-device reliability (Experiment
A) and inter-device reliability (Experiment B). For Experiment A, a total of 30 individuals
(males: 15; females: 15; mean age £ standard deviation [SD] = 26.96 & 1.5 years; mean
weight £ SD =75.08 & 16.03 kg; mean height & SD = 1.69 % 0.09 m; mean body mass index
[BMI] + SD = 26.02 + 4.6 kg/m?) participated in the study, selected through convenience
sampling. For Experiment B, a total of 15 individuals (males: 8; females: 7; mean age +
SD =21.06 &£ 2.76 years; mean weight £ SD = 66.8 & 11.8 kg; mean height = SD = 1.69 +
0.1 m; mean BMI + SD = 23.45 + 3.6 kg/m?) made up the sample.

For both experiments, the inclusion criteria required participants to be young adults
between the ages of 20 and 40, and the exclusion criteria included a history of orthopedic
surgeries and musculoskeletal disorders in any limb that could be exacerbated by the test
procedures. All participants completed a form providing information on their age, weight,
height, and sex. No participant reported trauma in the last month. A schematic figure
depicting the design of the experiments is shown in Figure 1.

24114111 88 Experiment B

1 device 3 devices

NN

3 trials 1 trial

Figure 1. Summary of the experiment’s design.

2.3. Instruments

For Experiment A, we attached to the participant a smartphone and for Experiment
B, we used three smartphones: Samsung A32, Xiaomi Redmi note 91 moto g20. Table 2
summarizes smartphone characteristics.

Table 2. Smartphone’s characteristics.

. . . . . . Gyroscope Accelerometer

Device Dimensions Weight Inertial Unit Range/Resolution Range/Resolution
. . . +2000 degrees per *l6g
Xiaomi Redmi Note 8  158.3 x 75.3 x 8.4 mm, 190¢g Mode BOSCH second,/ 16-bits 16 bit
+2000 degrees per tlo6g
Samsung A32 158.9 x 73.6 x 8.4 mm 184 ¢ model LSM6DSL second,/16-bits 16 bit
. . . . e £2000 degrees per *lé6g
Xiaomi Redmi note 9i 164.9 x 77.1 x 9 mm 194 g model: bmi260 second / 16-bits 16 bit
. +2000 degrees per fl6g
moto g20 165.2 x 75.7 X 9.2 mm 200 g icm40607 second /16-bits 16 bit

For both experiments, we used the Android application Momentum Science to record
and save the inertial time series during the execution of the iTUG with mean sampling rate
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of 50 Hz. The Momentum Science App has been validated for different motion assessment
protocols [18,19] and is available on the Play Store.

For all procedures, the smartphone was attached to the participant’s body using a
specially designed strap and positioned at the level of the lumbar spine between the L3
and L5 vertebrae (Figure 2).

ks

Figure 2. Smartphone attachment.

2.4. Experimental Protocol

For Experiment A, the subjects performed the Timed Up and Go (TUG) test three
times with the same device, with a 5 min interval between each trial. The first trial
was simultaneously measured using the Momentum Science App and timed using the
stopwatch feature of the IWO W27 Smartwatch (Watch 7 Pro, Shenzhen, China) to compare
the data related to the duration of the test. The Momentum Science App mentioned on
line 172, page 6, is utilized to record and save inertial time series during the execution of
the iTUG with a mean sampling rate of 50 Hz. It has been validated for different motion
assessment protocols and is available on the Play Store. For Experiment B, the subjects
performed three trials, but each trial used a different device.

For all experiments, the participants were orally instructed not to use their arms for
support during the rising and sitting phases. The instructions given to the participants were
standardized and given by an experienced person (the same one) to facilitate understanding
and minimize the risk of misinterpretation. The test path was marked with adhesive tape,
including the endpoint after three meters.

The protocol followed the standard steps outlined below. The subject sat with their
back in contact with the chair backrest. The data collection in the Momentum Science App
was initiated by tapping the screen, and the participant remained seated for 5 s until the
experimenter provided an oral command to go. In sequence, the subject stood up and
walked in a straight line for three metres; after reaching a distance of three metres, the
participant turned around and returned walking back to the chair. The subject turned again
to sit back in the chair. Once in place, a 5 s interval was counted to allow data collection
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to be completed. Each participant was fitted with a smartwatch securely fastened to their
non-dominant wrist. This position was chosen to minimize data variability and interference
from dominant hand movements. The smartwatch was configured to ‘Flight Mode” to
prevent notifications during the test. Data collection commenced with a verbal cue, sig-
nalling the participant to start the TUG test and was manually initiated on the smartwatch.
Collection ceased automatically after a predefined duration post-test completion to ensure
all relevant data were captured. Time synchronization was conducted between the smart-
watch and the smartphone application used for the iTUG to ensure time-stamped data
from both devices were aligned for subsequent analysis. Post experiment, data from the
smartwatch were downloaded via a secure Bluetooth connection to a designated computer.
The time data were compared with the smartphone.
Figure 3 shows the different stages of the iTUG test.

Angular velocity (rad/s)

Acceleration (g)

0 5 10 15 20

Time (ms)
Sit to stand duration Return walk duration
Go walk duration Stand to sit duration

Figure 3. TUG test phases (A) and smartphone-based iTUG assessment (B). In (A), the phases
involved rising from a chair (a,b), walking along a 3 m path (c), making a turn to return to the
chair (d), walking back to the chair (e), making a second turn to sit in the chair (f) and sitting down
(g). Inertial time series data were collected during the test and subsequently analyzed to derive
performance-related features. In (B), the accelerometer and gyroscope signals during the test are
represented, as well as the segmentation of phases as explained below (events 1 to 7). The signals
depicted in this figure represent the norms.
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2.5. Data Processing

The Momentum Science App exported the accelerometer and gyroscope recordings as
text files, which were imported and analyzed using MATLAB routines (MATLAB R2015a,
Mathworks, Carlsbad, CA, USA). A linear trend removal procedure was applied to the
inertial time series using the detrend function. The accelerometer signals were divided
by 9.81 to represent the data in gravitational units. Then, the norm of the vectors of the
accelerometer and gyroscope signals was calculated according to Equation (1).

norm = y/x2 + y2 + z2 1

On this, x, y, and z are the acceleration or angular velocity vectors in the mediolateral,
vertical, and anteroposterior axes, respectively.

A linear interpolation procedure was performed on the resultant vectors to achieve
a sampling rate of 100 Hz since it facilitates better comparison between mobile devices.
The interpolated signal was then filtered using a second-order bidirectional Butterworth
filter with a cutoff frequency of 5 Hz. In summary, filtering the interpolated signal with a
second-order filter having a cutoff frequency of 5 Hz is necessary to reduce noise, prevent
aliasing, condition the signal, and focus on the relevant frequency content for further
processing or analysis.

To identify temporal parameters and waveform amplitudes of inertial signals, the
algorithm searched for 6 transient events (Figure 3):

1.  Event 1: Identification of the start of the test. The gyroscope time series was evaluated
to identify the start of the rise from the chair, as previously described in the litera-
ture [20] We calculated the mean and standard deviation of the angular velocity in a
time interval of 1 s in a baseline period before the rise from the chair. We considered
as the onset of the test when the angular velocity exceeded this mean plus two times
the standard deviation of the angular velocity in the resting time interval (red dashed
line in Figure 3).

2. Event 2: Identification of the test end. Like the identification of the movement onset,
we also used the gyroscope time series to identify the test end. In this case, the time
interval used as baseline was after the individual sat back in the chair. The algorithm
read retrogradely the time series to indicate the end of the test as the moment which
the angular velocity exceeded the mean plus two standard deviations of the resting
time interval (blue dashed line in Figure 3).

3. Events 3 and 4: Identification of the moments of the turns during the test. We observed
the presence of two transient components in the angular velocity time series. The first
prominent component represented the turn at 3 m of walking from the chair (here
we named as G1 component in the gyroscope time series), and the second prominent
component represented the turn in front of the chair to sit it back (here we named G2
component in the gyroscope time series).

4. Event 5: Identification of the moment to complete the standing posture. To identify
this event, we used the acceleration time series. We searched for the acceleration peak
of a transient component just after the test onset and before the first turn moment
(here we named as Al component in the acceleration time series).

5. Event 6: Identification of the moment when the subject sits back in the chair. Like to
find the moment to complete the stand-up posture, we also used the acceleration time
series to find the moment to start the transition from stand-up posture to sit back in
the chair, which is represented by a transient component existing just after the second
turn moment and before the test end (here we named it the A2 component in the
acceleration time series).

Based on these 6 temporal markers, 11 variables of interest were calculated: total
test duration, in seconds (s), representing the time interval between the test onset and
test offset; go walk duration, in seconds, representing the time interval between the Al
component peak and the moment of the G1 component peak; return walk duration, in
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seconds, representing the time interval between the G1 component peak and G2 component
peak; sit to stand duration, in seconds, representing the time interval between test onset and
the A1 component peak; stand to sit duration, in seconds, representing the time interval
between the A2 component and test offset; acceleration peak during the sit to standing
transition, in gravitational units (g); acceleration peak during the stand to sit transition
in gravitational units (g); angular velocity peak during the first turn, in radians/seconds
(rad/s); angular velocity peak during the second turn, in radians/seconds (rad/s); standing
jerk as the rate of acceleration change during the sit to standing transition, in g/s; and
sitting jerk as the rate of acceleration change during the standing to sit transition in g/s.

All procedures were performed automatically by the analysis routine, and a visual
inspection was conducted by the researchers to detect any identification errors in the
events. In case of event identification errors, visual identification was carried out by
trained researchers.

2.6. Statistical Analysis

The statistical analysis was conducted using GraphPad PRISM 9 software. All vari-
ables were evaluated by the Shapiro-Wilk test for normality to determine the following
inferential tests. Variables were considered normally distributed if p > 0.05. For Experiment
A, we compared the total duration of the test measured by stopwatch and smartphone
measurements using a paired f-test (f). We also calculated Pearson’s product moment
correlation (r) between both measurements, and we interpreted the result of the linear
correlation as perfect (r > 0.9), almost perfect (0.7 > r < 0.9), high (0.5 > r < 0.7), moderate
(0.3 > r <0.5), and weak (r < 0.3) [21]. Furthermore, a Bland-Altman test was performed to
calculate the bias and 95% limits of agreement [22]. For both Experiments, to compare the
measurements obtained in the three repetitions of the iTUG test, we conducted one-way
ANOVA for repeated measures, followed by Tukey’s post hoc test, if necessary. The reliabil-
ity between measurements was evaluated using the intraclass correlation coefficient (ICC)
for variables with normal distribution which was classified as excellent (ICC > 0.75), high
(0.74 > ICC > 0.4), and poor (ICC < 0.39) [23] and Kendall’s coefficient of concordance
for variables with non-normal distribution and we interpreted as excellent agreement
(W > 0.8), substantial agreement (0.6 < W < 0.8), moderate agreement (0.4 < W < 0.6), fair
agreement (0.2 < W < 0.4), and slight agreement (0 < W < 0.2) [24]. Kendall’s coefficient
of concordance is utilized when dealing with variables that do not adhere to a normal
distribution, whereas the intraclass correlation coefficient is applied for variables that
exhibit a normal distribution. All statistical treatments were considered significant when
p < 0.05. For those variables which was calculated significant ICC, we additionally calcu-
lated the standard error of measurement (SEM) and minimum detectable change (MDC)
using the formula:

SEM = SDpooled x /1 —ICC (2)

SDpooled represents the pooled standard deviation. The MDC was calculated at a 90%
level using the formula:
MDCgy = SEM x v/2 x 1.64 (3)

3. Results

The routine written in MATLAB correctly identified the majority of repetitions (86 out
of 90 records), with only four records requiring manual identification. This represents a
success rate of 95.6% in the automatic identification of records and refers to the accurate
identification and interpretation of the events depicted and explained in Figure 3 by the
MATLAB script developed for the study. In other words, when the script correctly detected
the specified events according to the predetermined criteria and definitions outlined in the
research methodology, it was considered “correct”. This means that the script successfully
identified the events of interest without errors or discrepancies, aligning with the expected
outcomes and criteria established for the study.
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3.1. Results of Experiment A: Comparison between Stopwatch and Smartphone Measurements

The duration of the test measured by the stopwatch and smartphone followed a
normal distribution (p = 0.88, p = 0.11, respectively). Their comparison did not show
significant differences (stopwatch mean test duration = 10.46 & 1.35 s; smartphone mean
test duration = 10.93 £ 1.36 s; {[58] = 1.315; p = 0.19), while the correlation between them was
perfect (r = 0.93, p < 0.0001). The Bland-Altman analysis showed the agreement between
devices with bias = —0.46, lower agreement limit = —1.457, upper agreement limit = 0.5348.

3.2. Results of Experiment A: Intra-Devicereliability of the Inertial Measurements

Table 3 shows the descriptive statistics regarding the three repetitions performed by
the individuals as well as their comparison. No variable had significant differences across
the sessions (p > 0.05).

Table 3. Descriptive statistics and comparison of the iTUG variables across the sessions (experiment
A). The values are represented by median (interquartile range) or mean =+ standard deviation regard-
ing the data distribution adjustment to the gaussian fit. p-value refers to one-way ANOVA result.

Variable Session #1 Session #2 Session #3 p-Value
Test duration (s) 10.71 (1.73) 10.15 (1.87) 10.24 (1.87) 0.47
Sit to stand duration (s) 0.98 (0.02) 0.8 (0.02) 0.98 (0.02) 0.61
Go walk duration (s) 4.33 (0.51) 4.26 (0.64) 4.14 (0.64) 0.46
Return walk duration (s) 3.78 (0.95) 3.66 (1.08) 3.55 (1.15) 0.92
Stand to sit duration (s) 1.46 (0.37) 1.32 (0.43) 1.4 (0.57) 0.07
Sit to stand acceleration peak (g) 0.57 +0.11 0.57 +0.11 0.58 + 0.11 0.51
Stand to sit acceleration peak (g) 0.54 (0.17) 0.52 (0.09) 0.54 (0.15) 0.8

Angular velocity peak in first turn

3.54 + 0.81 3.64 4+ 0.9 3.57 + 0.86 0.42
(rad/s)
Angular velocity peak in second 3.83 4 0.7 39+ 073 3.94 + 0.86 0.57
turn (rad/s)
Standing jerk (g/s) 058+0.13  059+012  0.59+0.11 091
Sitting jerk (g/s) 0.38 (0.15) 0.4 (0.16) 0.39 (0.17) 0.45

Table 4 shows the results of the intra-device reliability evaluation for all iTUG variables.
We found 9 out of 11 variables with significant intra-device reliability. Four variables had
excellent reliability (test duration, stand to sit acceleration peak, return walk duration,
angular velocity peak in first turn) and five variables had moderate to high reliability
(go walk duration, sit to stand acceleration peak, angular velocity peak in second turn,
standing jerk).

Table 4. Intra-device reliability (experiment A) of the iTUG variables. For normally distributed
variables, we report the intraclass correlation coefficient (ICC); otherwise, Kendall’s W agreement
is reported.

Variable Reliability 95% CI  p-Value SEM MDC

Test duration (s) W =0.89 0.78-0.93  <0.0001 - -
Sit to stand duration (s) W=02 -0.56-0.4 0.96 - -
Go walk duration (s) W=0.79 0.57-0.85 <0.001 - -
Return walk duration (s) W =0.82 0.66-0.87 <0.001 - -
Stand to sit duration (s) W =042 -0.1-0.55 0.15 - -

Sit to stand acceleration peak (g) ICC=073 057-0.85 <0.0001 0.29 0.81
Stand to sit acceleration peak (g) W =0.85 0.71-0.89 <0.001 - -

Angular velocity peak in first turn (rad/s) ICC=0.86  0.76-0.93 <0.0001  0.59 1.64
Angular velocity peakinsecond turn 400 _o73 057-085 <0001 077 214

(rad/s)
Standing jerk (g/s) ICC =0.59 0.39-0.76  <0.0001 0.37 1.03
Sitting jerk (g/s) W =0.58 0.18-0.71 0.008 - -

W: Kendall’s W agreement; ICC: intraclass correlation; CI: confidence interval.
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3.3. Experiment B Results: Inter-Device Reliability of the Inertial Measurements

Table 5 shows the descriptive statistics regarding the three repetitions performed
by the individuals with different smartphone devices. Nine out of eleven variables had
no significant differences across the sessions (p > 0.05). Post -hoc revealed that Angular
velocity peak at first turn was smaller in Samsung device compared to Motorola device
(p < 0.05), and angular velocity peak at second turn was smaller in Xiaomi device compared
to Motorola device (p < 0.05).

Table 5. Descriptive statistics and comparison of the iTUG variables among devices (experiment B).
The values are represented by media (interquartile range) or mean =+ standard deviation regarding
the data distribution adjustment to the gaussian fit. p-value refers to one-way ANOVA result.

Variable Samsung Xiaomi Motorola p-Value
Test duration (s) 11.82+£094 11.83+096 11.75+1.03 0.93
Sit to stand duration (s) 1 (0.02) 1(0.16) 1(0.02) 0.23
Go walk duration (s) 441+048 4.3+ 0.62 417 £0.53 0.18
Return walk duration (s) 3.86 (1.06) 3.79 (1.01) 4.06 (1.18) 0.5
Stand to sit duration (s) 1.52 (0.56) 1.75 (0.67) 1.41 (0.52) 0.1
Sit to stand acceleration peak (g) 0.52 (0.17) 0.5 (0.17) 0.49 (0.18) 0.61
Stand to sit acceleration peak (g) 0.51 £ 0.15 0.54 + 0.15 0.52 +0.13 0.68

Angular velocity peak in first turn

(rad /s) 2.46 (0.53) 2.46 (0.31) 2.63 (0.36) 0.01

Angular velocity peak in second
warn (sad/s) 2.92 (0.66) 2.85 (0.16) 2.92 (0.78) 0.032
Standing jerk (g/s) 0.52 (0.17) 0.47 (0.22) 0.46 (0.14) 0.79
Sitting jerk (g/s) 0.34 £0.14 0.31 £0.12 037 £0.13 0.46

Table 6 shows the results of the reliability evaluation among devices for all iTUG
variables. We found 9 out of 11 variables with significant reliability, which had moderate-
to-high correlation or agreement.

Table 6. Inter device reliability (experiment B) of the iTUG variables. For normally distributed
variables, we report the intraclass correlation coefficient (ICC); otherwise, Kendall’'s W agreement
is reported.

Variable Reliability 95% CI  p-Value SEM  MDC
Test duration (s) ICC=056 0.25-0.81 0.0001 1.1 3.04
Sit to stand duration (s) W=0.6 0.23-0.72 0.03 - -
Go walk duration (s) ICC =0.55 0.26-0.8 0.0001 0.83 2.29
Return walk duration (s) W =0.83 0.69-0.87 0.001 - -
Stand to sit duration (s) W =0.35 -0.26-0.5 0.41 - -
Sit to stand acceleration peak (g) W =06 0.22-0.71 0.03 - -
Stand to sit acceleration peak (g) ICC =056 0.25-0.8 0.0001 0.42 0.17
Angular velocity peak in first turn W =075 0.54-078 0.005 ) )
(rad/s)
Angular velocity peak in second turn W = 0.74 0.52-0.8 0.005 ) }
(rad/s)
Standing jerk (g/s) W=071 0.46-0.78 0.008 - -
Sitting jerk (g/s) ICC=0.02 -0.23-04 0.42 - -

W: Kendall’s W concordance; ICC: intraclass correlation; CI: confidence interval.

4. Discussion

The present study investigated the intra and inter-device reliabilities of features ex-
tracted from iTUG with the hypothesis that the sensors in mobile devices produce similar
outcomes. Our results partially confirmed this hypothesis, as we found that most of the
iTUG parameters exhibited significant intra and inter-device reliability. The study yielded
several key findings regarding the performance and reliability of inertial measurements in
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the context of the Timed Up and Go (iTUG) test, as well as the comparison between stop-
watch and smartphone measurements. Firstly, the MATLAB routine demonstrated a high
success rate of 95.6% in automatically identifying trial records, with only a small percentage
requiring manual intervention. In Experiment A, the comparison between stopwatch and
smartphone measurements revealed no significant differences in test duration, with both
methods displaying a normal distribution and a strong correlation. Bland—-Altman analy-
sis confirmed agreement between devices. Additionally, intra-device reliability analysis
showed no significant differences in iTUG variables across sessions, with most variables
demonstrating significant intra-device reliability. Notably, nine out of eleven variables
exhibited significant reliability, with four variables showing excellent reliability and five
displaying moderate to high reliability.

Notably, nine out of eleven variables exhibited significant reliability, with four vari-
ables showing excellent reliability, and five displaying moderate to high reliability. In
Experiment B, inter-device reliability analysis indicated no significant differences for the
majority of variables across sessions, although some discrepancies were observed between
specific smartphone models in angular velocity peak at the first and second turn. Overall,
the study underscores the potential of inertial measurements for reliable and accurate as-
sessment in mobility-related tests, with implications for both research and clinical practice.

The present study demonstrated the accuracy of the iTUG tool for automatically
measuring the test completion time, as there was an excellent correlation between the
measurements obtained by a human using a stopwatch and those obtained with smart-
phones. These findings align with the previous literature, although they have used portable
accelerometers and not smartphones, demonstrating consistent results across various sub-
ject groups, including healthy control, individuals with Parkinson’s disease [25], and the
elderly [26]. These previous studies also observed excellent correlations in these diverse
cohorts, indicating the reliability and validity of our study outcomes. This consistency
across different populations strengthens the robustness of our findings and underscores
the potential applicability of our research in broader contexts.

Regarding applicability, the test was conducted on thirty subjects without repetition
and without data loss from the sensors during the assessments. The routine written in
MATLARB correctly identified the majority of repetitions (86 out of 90 records), with only
four records requiring manual identification. This represents a success rate of 95.6% in the
automatic identification of records. Thus, it can be inferred that the use of smartphone
inertial sensors recorded by the Momentum application can be performed by other indi-
viduals without any loss in the quality of the collected data. Moreover, this applicability
adds to the future possibility of self-application of the iTUG. This applicability confirms
what has already been demonstrated in previous studies involving the use of smartphone
inertial sensors, which have shown the application of the device in the evaluation of ad-
ditional TUG parameters [7-9,13-16,27,28]. In this study, we explored the significance of
calculating the norm (magnitude) of acceleration and angular velocity data series in three
axes, shedding light on its importance in motion analysis. Our findings underscore the
utility of this approach, as it provides a scalar representation of the overall magnitude
of motion, simplifying analysis and interpretation. Moreover, the norm offers a practical
means of reducing the dimensionality of data, facilitating comparisons across different
contexts while remaining invariant to sensor orientation. Despite these advantages, it is
noteworthy that few studies have delved into the analysis of the norm, highlighting a
gap in the existing literature [27]. Our study stands out as the first to rigorously examine
the replicability of the norm, thereby contributing a novel perspective to the field. By
addressing this underexplored aspect, we have expanded our understanding of motion
analysis and provided valuable insights that pave the way for future research endeavors in
this area.

In the intra-device evaluation, the parameters exhibited no significant differences
across attempts, with nine of them demonstrating replicability. The substantial proportion
of replicable parameters underscores the reliability of the trials. However, it remains
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unclear why the variables ‘Sit to Stand Duration” and ‘Stand to Sit Duration’ did not exhibit
significant replicability. In particular, these two variables, characterized by their short
duration, may be susceptible to influences arising from the participant’s immobility at
the test’s initiation and conclusion. The automatic detection of test onset and completion
times is derived from gyroscope signals, and minor fluctuations related to trunk movement
during these instances can introduce noise, potentially affecting the precision of detection.
Given the brevity of these variables, slight variations in detecting the test’s start and end
may have contributed to their increased variability across the three attempts.

In the context of automatic detection, the term “algorithm” refers to a set of predefined
rules or instructions implemented within a given script to perform specific tasks related to
event detection or data processing. The algorithms for detecting phases in the Timed Up and
Go (TUG) test vary in the literature. For example, Silva & Sousa (2016) [10] manually and
automatically segmented the phases, with the former being carried out through comparison
with a video recording and the latter based on the integral of the gyroscope signal to
identify turning points, defining transitions between sitting and standing postures when
consecutive differences of 3 degrees in the angle signal occurred. In our study, we used the
angular velocity signals from the gyroscope to define the start and end of the test, as well
as the peaks in the accelerometer signal to identify posture transitions, reducing the risk of
an unreliable analysis through image observation. In th study by Coni et al. (2015) [11],
similar to ours, the accelerometer and gyroscope were used, and although the identification
of turns was described based on the angular velocity signal, similar to what was used
in the present study, it was not specified which signals were used to define the start and
end of the test. Ishikawa et al. (2019) [16] also identified test phases based on gyroscope
signals, such as the time taken to rise from the chair at the beginning of the test; however,
the obtained variables, unlike in our study, were only related to the time of each phase.

In the inter-device comparisons, it was observed that the maximum angular velocity at
both turning moments exhibited higher values on the Motorola device compared to one of
the other devices. Although not the focus of this study, the literature suggests evidence that
the sensor’s weight may impact measurement sensitivity [28]. Two parameters (i.e., ‘Stand
to Sit Duration” and ‘Sitting Jerk’) showed no significant inter-device reliability. ‘Stand to
Sit Duration’ continues to lack significant replicability, potentially influencing the absence
of replicability in the ‘Sitting Jerk” parameter.

Previous studies have also investigated the reliability of smartphone sensors, such
as Mellone et al. (2012) [6], where reliability ranged from fair to excellent in almost all
parameters, both intra- and inter-rater evaluations. Their results, like ours, showed that the
total duration of the test is a variable with excellent reliability, and the rise jerk is a variable
with moderate to high reliability. In the study by Galan-Merchant et al. (2014) [7], reliability
among older adults was tested, and the findings indicate excellent reproducibility in accel-
eration magnitude and displacements along the vertical, mediolateral, and anteroposterior
axes. Nevertheless, the study’s sample size was limited to just five participants. While
the test phases followed established protocols from prior publications, the analysis solely
focused on variables associated with acceleration in the motion axes, such as peak values
and acceleration magnitude. Furthermore, unlike our study, the investigation conducted
an extended version of the test, encompassing a 10 m walking distance, and positioned the
smartphone towards the sternum. Other authors [7,8] also tested the reliability of smart-
phone inertial sensors and obtained excellent reliability results for all variables. However,
only time variables for each stage of the test were compared.

In acknowledging the limitations of our study, it is important to note that while the
smartphone-based measurements employed in the iTUG experiment provided valuable
insights, the validity of our method could be significantly enhanced by a comparative
analysis with data obtained from an inertial measurement unit (IMU). Furthermore, the
study’s limitations encompass the lack of validation between smartphone inertial sensors
and kinematics, especially regarding variables beyond the TUG execution time. Addition-
ally, certain variables exhibited limited replicability, indicating potential areas for refining
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the test protocol or analysis methods. Moreover, forthcoming research could leverage
alternative smartphones to assess data reliability employing diverse tools. Furthermore,
we recognize the study’s limited generalizability to other age groups and advocate for
exploring its effects across broader age ranges.

This research confirmed the validity, applicability, and reliability of smartphones in
measuring additional parameters to the Timed Up and Go test, demonstrating the possi-
bility of using low-cost devices for evaluating important variables related to individuals’
mobility and balance. The use of these sensors in conjunction with the Momentum applica-
tion allows for accurate and automated identification of events and calculation of variables,
enabling the assessment of additional parameters and the potential for self-application.
These results contribute to the growing body of evidence supporting the use of smartphone
sensors as a low-cost and feasible option for clinical assessments in various contexts.

Author Contributions: Conceptualization, GH.L.P, AB., A.d.AC.eS., AdS.C,].G,GSS. and B.C,;
Methodology, A.PM., L.C.PM,, E.G.d. RS, GHL.P,].G, GS.S. and B.C,; Software, E.G.d.R.S., A.B.
and G.S.S,; Validation, T.T.S.d.S., E.G.d.R.S., G.S.S. and R.C.S,; Formal analysis, T.T.S.d.S., E.G.d.R.S.,
G.S.S. and R.C.S,; Investigation, T.T.5.d.S., A.B., S.K., G.S.S,, T.J.d.S., W.T.A.d.C. and B.C.; Resources,
GS.S, TJ.d.S, RCS. and B.C,; Data curation, L.C.PM., GS.S., T.J.d.S.,, WT.A.d.C. and R.C.S.; Writing—
original draft, L.C.PM., SK. and G.S.S.; Writing-review & editing, APM., GH.L.P, AB, SK,].G.
and G.S.S; Visualization, L.C.PM., G.S.S. and W.T.A.d.C.; Supervision, A.PM., G.S.S. and B.C.; Project
administration, A.PM., G.S.S. and B.C.; Funding acquisition, A.PM., G.S.S. and B.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received funding from the Amazon Paraense Foundation of Studies (FAPESPA,
No. 2019/589349), PROPESP /Federal University of Para (PAPQ) and the Research Funding and
the National Council of Research Development (CNPq/Brazil, No. 431748 /2016-0). GS was CNPq
Productivity Fellow (No. 310845/2018-1) and BC is a post-graduation Fellow (No. 102167 /2022-2).
The sponsors had no role in the study design.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Federal University of Para (CAAE: 63499622.0.0000.0018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Supplementary data available following MDPI Research Data Policies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Podsiadlo, D.; Richardson, S. The Timed “Up & Go”: A Test of Basic Functional Mobility for Frail Elderly Persons. |. Am. Geriatr.
Soc. 1991, 39, 142-148. [CrossRef]

2. Christopher, A.; Kraft, E.; Olenick, H.; Kiesling, R.; Doty, A. The Reliability and Validity of the Timed up and Go as a Clinical Tool
in Individuals with and without Disabilities across a Lifespan: A Systematic Review: Psychometric Properties of the Timed Up
and Go. Disabil. Rehabil. 2021, 43, 1799-1813. [CrossRef]

3. Ponciano, V,; Pires, LM.; Ribeiro, ER.; Marques, G.; Garcia, N.M.; Pombo, N.; Spinsante, S.; Zdravevski, E. Is the Timed-up and
Go Test Feasible in Mobile Devices? A Systematic Review. Electronics 2020, 9, 528. [CrossRef]

4. Weiss, A,; Herman, T.; Plotnik, M.; Brozgol, M.; Giladi, N.; Hausdorff, ] M. An Instrumented Timed up and Go: The Added Value
of an Accelerometer for Identifying Fall Risk in Idiopathic Fallers. Physiol. Meas. 2011, 32, 2003. [CrossRef]

5. Ortega-Bastidas, P.; Gomez, B.; Aqueveque, P.; Luarte-Martinez, S.; Cano-de-la-Cuerda, R. Instrumented Timed up and Go Test
(ITUG)—More Than Assessing Time to Predict Falls: A Systematic Review. Sensors 2023, 23, 3426. [CrossRef] [PubMed]

6.  Mellone, S.; Tacconi, C.; Chiari, L. Validity of a Smartphone-Based Instrumented Timed up and Go. Gait Posture 2012, 36, 163-165.
[CrossRef]

7. Galan-Mercant, A.; Barén-Lopez, ].J.; Labajos-Manzanares, M.T.; Cuesta-Vargas, A.L Reliability and Criterion-Related Validity
with a Smartphone Used in Timed-up-and-Go Test. Biomed. Eng. Online 2014, 13, 156. [CrossRef]

8. Merchan-Baeza, ].A.; Gonzalez-Sanchez, M.; Cuesta-Vargas, A.I. Using Smartphones to Collect Quantitative Data on Lower Limb
Functionality in People Who Have Suffered a Stroke. J. Stroke Cerebrovasc. Dis. 2018, 27, 3555-3562. [CrossRef] [PubMed]

9.  Campillay Guzman, J.; Guzman Silva, R.; Guzman-Venegas, R. Reproducibilidad de Los Tiempos de Ejecucién de La Prueba de

Timed up and Go, Medidos Con Acelerémetros de Smartphones En Personas Mayores Residentes En La Comunidad. Rev. Esp.
Geriatr. Gerontol. 2017, 52, 249-252. [CrossRef]


https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1080/09638288.2019.1682066
https://doi.org/10.3390/electronics9030528
https://doi.org/10.1088/0967-3334/32/12/009
https://doi.org/10.3390/s23073426
https://www.ncbi.nlm.nih.gov/pubmed/37050485
https://doi.org/10.1016/j.gaitpost.2012.02.006
https://doi.org/10.1186/1475-925X-13-156
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.08.012
https://www.ncbi.nlm.nih.gov/pubmed/30241925
https://doi.org/10.1016/j.regg.2017.02.009

Sensors 2024, 24,2918 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.
25.

26.

27.

28.

Silva, J.; Sousa, I. Instrumented Timed up and Go: Fall Risk Assessment Based on Inertial Wearable Sensors. In Proceedings of the
2016 IEEE International Symposium on Medical Measurements and Applications MeMeA 2016, Benevento, Italy, 15-18 May 2016.
Coni, A.; Mellone, S.; Colpo, M.; Bandinelli, S.; Chiari, L. Influence of age and gender on sensor-based functional measures: A
factor analysis approach. In Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC), Milan, Italy, 25-29 August 2015; pp. 5054-5057.

Galan-Mercant, A.; Cuesta-Vargas, A.I. Clinical Frailty Syndrome Assessment Using Inertial Sensors Embedded in Smartphones.
Physiol. Meas. 2015, 36, 1929-1942. [CrossRef] [PubMed]

Milosevic, M.; Jovanov, E.; Milenkovi¢, A. Quantifying Timed-up-and-Go Test: A Smartphone Implementation. In Proceedings of
the 2013 IEEE International Conference on Body Sensor Networks BSN 2013, Cambridge, MA, USA, 6-9 May 2013.

Palmerini, L.; Mellone, S.; Rocchi, L.; Chiari, L. Dimensionality Reduction for the Quantitative Evaluation of a Smartphone-Based
Timed Up and Go Test. In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology
Society EMBS, Boston, MA, USA, 30 August-3 September 2011.

Yahalom, H.; Israeli-Korn, S.; Linder, M.; Yekutieli, Z.; Karlinsky, K.T.; Rubel, Y.; Livneh, V.; Fay-Karmon, T.; Hassin-Baer,
S.; Yahalom, G. Psychiatric Patients on Neuroleptics: Evaluation of Parkinsonism and Quantified Assessment of Gait. Clin.
Neuropharmacol. 2020, 43, 1-6. [CrossRef]

Ishikawa, M.; Yamada, S.; Yamamoto, K.; Aoyagi, Y. Gait Analysis in a Component Timed-up-and-Go Test Using a Smartphone
Application. J. Neurol. Sci. 2019, 398, 45-49. [CrossRef]

Bergquist, R.; Nerz, C.; Taraldsen, K.; Mellone, S.; Thlen, E.AE,; Vereijken, B.; Helbostad, J.L.; Becker, C.; Stefanie Mikolaizak, A.
Predicting Advanced Balance Ability and Mobility with an Instrumented Timed up and Go Test. Sensors 2020, 20, 4987. [CrossRef]
[PubMed]

Duarte, M.B.; da Costa Moraes, A.A.; Ferreira, E.V.; da Silva Almeida, G.C.; da Rocha Santos, E.G.; Pinto, G.H.L.; de Oliveira,
PR.; Amorim, C.F; dos Santos Cabral, A.; Saunier, G.; et al. Validity and Reliability of a Smartphone-Based Assessment for
Anticipatory and Compensatory Postural Adjustments during Predictable Perturbations. Gait Posture 2022, 96, 9-17. [CrossRef]
da Costa Moraes, A.A.; Duarte, M.B.; Ferreira, E.V.; da Silva Almeida, G.C.; da Rocha Santos, E.G.; Pinto, G.H.L.; de Oliveira, PR;
Amorim, C.F,; Cabral, A.D.S.; de Athayde Costa ESilva, A.; et al. Validity and Reliability of Smartphone App for Evaluating
Postural Adjustments during Step Initiation. Sensors 2022, 22, 2935. [CrossRef]

Net'ukova, S.; Klempif, O.; Krupi¢ka, R.; Dusek, P.; Kutilek, P.; Szab6, Z.; Rtzi¢ka, E. The Timed up & Go Test Sit-to-Stand
Transition: Which Signals Measured by Inertial Sensors Are a Viable Route for Continuous Analysis? Gait Posture 2021, 84, 8-10.
[CrossRef] [PubMed]

Abbott, ].C.; Wagle, ].P,; Sato, K.; Painter, K.; Light, TJ.; Stone, M.H. Validation of Inertial Sensor to Measure Barbell Kinematics
across a Spectrum of Loading Conditions. Sports 2020, 8, 93. [CrossRef] [PubMed]

Jensen, M.M.; Jorgensen, ].T.; Binderup, T.; Kjeer, A. Tumor Volume in Subcutaneous Mouse Xenografts Measured by MicroCT Is
More Accurate and Reproducible than Determined by 18F-FDG-MicroPET or External Caliper. BMC Med. Imaging 2008, 8, 16.
[CrossRef]

Shrout, P.E; Fleiss, ].L. Intraclass Correlations: Uses in Assessing Rater Reliability. Psychol. Bull. 1979, 86, 420-428. [CrossRef]
Landis, J.R.; Koch, G.G. The Measurement of Observer Agreement for Categorical Data. Biometrics 1977, 33, 159-174. [CrossRef]
Yahalom, G.; Yekutieli, Z.; Israeli-Korn, S.; Elincx-Benizri, S.; Livneh, V.; Fay-Karmon, T.; Rubel, Y.; Tchelet, K.; Zauberman, J.;
Hassin-Baer, S. AppTUG-A Smartphone Application of Instrumented “Timed up and Go” for Neurological Disorders. EC Neurol.
2018, 10, 689-695.

Hellmers, S.; Izadpanah, B.; Dasenbrock, L.; Diekmann, R.; Bauer, ].M.; Hein, A.; Fudickar, S. Towards an Automated Un-
supervised Mobility Assessment for Older People Based on Inertial TUG Measurements. Sensors 2018, 18, 3310. [CrossRef]
[PubMed]

Ko, ].B.; Hong, ].S.; Shin, Y.S.; Kim, K.B. Machine Learning-Based Predicted Age of the Elderly on the Instrumented Timed up and
Go Test and Six-Minute Walk Test. Sensors 2022, 22, 5957. [CrossRef] [PubMed]

da Costa Moraes, A.A.; Duarte, M.B.; Ferreira, E.V.; da Silva Almeida, G.C.; dos Santos Cabral, A.; de Athayde Costa e Silva, A.;
Garcez, D.R.; Souza, G.S.; Callegari, B. Comparison of Inertial Records during Anticipatory Postural Adjustments Obtained with
Devices of Different Masses. Peer] 2023, 11, e15627. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1088/0967-3334/36/9/1929
https://www.ncbi.nlm.nih.gov/pubmed/26245213
https://doi.org/10.1097/WNF.0000000000000371
https://doi.org/10.1016/j.jns.2019.01.023
https://doi.org/10.3390/s20174987
https://www.ncbi.nlm.nih.gov/pubmed/32899143
https://doi.org/10.1016/j.gaitpost.2022.05.002
https://doi.org/10.3390/s22082935
https://doi.org/10.1016/J.GAITPOST.2020.11.006
https://www.ncbi.nlm.nih.gov/pubmed/33260079
https://doi.org/10.3390/sports8070093
https://www.ncbi.nlm.nih.gov/pubmed/32610449
https://doi.org/10.1186/1471-2342-8-16
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.2307/2529310
https://doi.org/10.3390/s18103310
https://www.ncbi.nlm.nih.gov/pubmed/30279374
https://doi.org/10.3390/s22165957
https://www.ncbi.nlm.nih.gov/pubmed/36015714
https://doi.org/10.7717/peerj.15627

	Introduction 
	Methods 
	Ethical Considerations 
	Participants 
	Instruments 
	Experimental Protocol 
	Data Processing 
	Statistical Analysis 

	Results 
	Results of Experiment A: Comparison between Stopwatch and Smartphone Measurements 
	Results of Experiment A: Intra-Devicereliability of the Inertial Measurements 
	Experiment B Results: Inter-Device Reliability of the Inertial Measurements 

	Discussion 
	References

