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ARTICLE INFO ABSTRACT
Keywords: Background: Evaluation assessments for physical performance, such as walking tests, are impor-
Physical performance tant for measuring a person’s well-being. As of current, medical technology is primarily used to

Cardiovascular endurance administer these assessments. However, medical devices are not easily accessible and are inten-

ded for research purposes only, and hence inconvenient for clinical use. Therefore, we aimed to
develop a prototype physical performance assessor device with a mobile application and explored
concurrent validity and reliability between the standard 6-min walk test (6MWT) and wearable
sensor 6MWT using 6-min walk distance in healthy adults.

Methods: Sixty healthy males and females, above 18 years of age, were required to attach a sensor
to their dominant ankle while the standard protocol for 6MWT was performed. After completing
the walking test, the distance from the wearable sensor 6MWT with a mobile application and the
standard 6MWT were recorded and compared.

Results: There was no significant difference between the distance between the standard 6MWT
(410.12 £ 74.03 m) and the distance obtained with the wearable sensor. Concurrent validity was
found to be moderate, and Cronbach’s alpha was 0.79, which indicated good internal consistency.
Conclusion: The innovative prototype wearable walking sensor with a mobile application can
effectively evaluate physical performance in healthy individuals.

Clinical trial registration number: TCTR20220801002.

Six-minute walk test
Mobile device

1. Introduction

Walking tests are a group of performance-based tests that measure the walking distance at varying intervals, such as 2 min, 6 min,
and 12 min [1]. Furthermore, walking tests are technically simple and a widely used method of fitness testing in different areas of
healthcare e.g., medicine, physical therapy, and rehabilitation. A 6-min walk with a distance less than 350 m is associated with
well-documented thresholds for increased mortality [2] in chronic obstructive pulmonary disease, chronic heart failure and pulmonary
arterial hypertension [3]. Therefore, walking tests are helpful in determining current physical status, and in evaluating the treatment
in various groups such as patients with heart, lung, and neurological disease in the elderly, and even the general population.
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Furthermore, walking tests provide a preliminary assessment of physical fitness, as well as an assessment of nutritional status and
cognitive function [4].

Six-minute walk test (6MWT) is straightforward to perform, but they involve costs and some practical limitations. It requires a
corridor of at least 15 m long in the hospital or testing area [5], where a therapist will observe and record measurements. Furthermore,
patients must travel to the hospital clinic or rehabilitation center for the walking test; hence, economic cost should be considered for
transportation, e.g., public transportation cost.

In addition, there are several problems while performing the 6MWT, such as carrying numerous devices before, during and after the
test (i.e., worksheets for recording, stopwatch to record the laps, mechanical lap counter, the Borg scale chart, cones to mark the
turnaround points) [6]. Consequently, these issues might affect test results because of discrepancies between accessing and measuring
the 6MWT.

As mentioned previously, the occurrence of errors by technical personnel were considered. A 6MWT mobile application therefore,
might help a therapist to implement the procedure more efficiently, with the mobile phone and the walking sensor detecting the
distance during the test. The main purpose of this study was to develop a prototype of 6MWT with a smart band device to record
distance and time. Furthermore, the concurrent validity and reliability of the mobile application and standard 6MWT were explored in
healthy people.

2. Method

A total of 60 participants were included in the study, with 10 females and 10 males recruited for each the following age groups: 1)
18-35, 2) 36-59, and 3) >60 years of age. Fifty participants are the minimum suggested sample size for medical applications in obscure
diseases and health research [7,8].

For this reason, this study included at least 50 participants. More specifically, a total 60 participants was enrolled. The inclusion
criteria were the following: 1) able to communicate, 2) can understand and follow commands, and 3) can walk independently. All
participants were given the information sheet and were required to sign the consent form prior to the test. Further, the informed
consent was obtained from the participant for the publication of his images. The study was approved by the Ethics Human committee
of Thammasat University, based on the Declaration of Helsinki, the Belmont report, CCIOMS guidelines, and the international practice
(ICH-GCP) COA No. 108/2563. The clinical trial registration is TCTR20220801002.

The participants were required to attach the prototype walking sensors on the ankle of the dominant leg and the 6MWT followed
the American Thoracic Society protocol [6]. Blood pressure, heart rate, oxygen saturation and rate of perceived exertion (RPE) were
assessed before and after the 6MWT.

The prototype developed was composed of a Bluetooth 2.0 Multi-Connect BWT901CL 9 Axis inertial measurement unit sensor and a
walking sensor. With the axis inertial sensors, the average walking motion pattern accuracy was 97.64%, and the average memory
delay was 23.97% of the walking cycle [9]. Furthermore, the prototype passed a high-level standard of electrical and electromagnetic
safety test; therefore, it is completely safe.

Please fill out your
personal information.

Fig. 1. Mobile application and prototype walking sensors device.
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3. Features of walking sensors
Features Prototype

Sensor for measuring posture  3-axis accelerometer capable of measuring at a maximum acceleration reflect 2, 8 and 16 g, a typical measurement of frequency
was not less than 20 times per 1 s

Total weight 8 g (without battery)

External dimensions 9 x 60 x 40 mm. (approximately)

Enclosure material Plastic PLA (polylactic acid), melt Temp 157 °C
Processor 32-bit, 24 MHz with Bluetooth Low Energy

Power supply voltage 3.0 V CR2016

Power consumption at active mode, at 24 MHz, 7.1 mA

Power consumption at sleep mode, at 24 MHz, 1.3 pA
Bluetooth Version 4.1 (BLE) Frequency range 2400-2482 MHz

Output power 0dBm (1 mW radiofrequency)

Power consumption for 0dBm transmission 16.5 mA

Power source Battery type CR2032 coin battery
Power consumption (All <15 mW for active mode
systems)

The distance of the 6MWT was measured using the equation from Terra et al. [10] which is [Distance (meters) = number of steps x
stride length], and the distance error varied between 2.7% and 5.6%. Fig. 1 displays the mobile application and prototype walking
sensors. All measured data were transferred to a cloud with a RAW data recording for further analysis.

Data are presented as the mean, standard deviation, and frequency. Concurrent validity between the prototype of 6MWT and the
standard 6MWT was assessed using Pearson’s correlation coefficient (r). In addition, the correlation coefficients of r < 0.25 were
defined as small, 0.25-0.50 as moderate, 0.50-0.75 as good, and >0.75 as excellent [11]. Intraclass Correlation Coefficient (ICC) was
used for intrarater (ICCs ;) reliability. The ICC agreement <0.5 was considered as poor, 0.50-0.75 as moderate, 0.75-0.90 ss good and
>0.90 as excellent [12]. The level of significance was set at p-value <0.05, using IBM SPSS Statistics version 24.0.

4. Results

In this study, we included 60 healthy individuals with an average age of 46.42 + 21.59 years (Table 1).

The distance from the standard 6MWT was 410.12 + 74.03 m, whereas the distance from the wearable sensor application was
395.36 + 67.72 m, with a mean difference of 3.59% (Fig. 2). A significantly moderate correlation was found (r = 0.66, p < 0.001), and
the reliability with Cronbach’s alpha was 0.79 (p < 0.001) (Table 2).

5. Discussion

The aims of the study were to design and develop a device for detection of distance for the 6MWT and to assess the concurrent
validity and reliability of the device in healthy adult individuals. The prototype wearable walking sensor was designed with a 3-axis
accelerometer and operated with an android OS 4.3 or higher application.

In this study, the distance obtained from the standard 6MWT was 410.12 + 74.03 m and the distance obtained from the wearable
sensor was 395.36 + 67.72 m, with a mean distance difference of —14.75 + 58.62 m and a mean difference of —3.59% mean. The
distance from the wearable sensor was lower than the standard 6MWT. However, Salvi et al. [13] reported that the mean difference
between the approximate distance of their prototype with a mobile phone application and the 6MWT was —2.013 + 7.84 m and —0.80
+ 18.56 m while measuring at indoor and outdoor places, respectively. In contrast to another study, Shah et al. [14] reported that the
mean difference between the inertial sensor and manual distance for 6MWT was 18.36 + 18.79 m and the ICC was 0.97 [ 95% CI =
0.91-0.99]. In another study, Brooks et al. [15] found the mean difference between the self-administered 6MWT application and the
estimated distance in 6MWT to be 7.6 + 26 m and ICC was 0.89 [95% CI 0.79-0.99]. Therefore, the prototype of the wearable sensor in
our study was compatible with the distance from the standard 6MWT. Furthermore, the percentage difference of mean distance

Table 1
Characteristic data of the participants.
n (%) Mean + SD Maximum Minimum

Gender
Male 30 (50)
Female 30 (50)
Age (years) 46.41 + 21.59 86 20
18-35 years (n = 20) 22.80 + 3.41 32 20
36-60 years (n = 20) 43.40 + 7.86 60 36
above 60 years (n = 20) 73.05 + 5.64 86 67
Height (cm) 161.83 + 8.96 179 142
Weight (kg) 61.98 + 10.87 85 40
BMI (kg/mz) 23.65 + 3.87 31.99 15.34

SD:standard deviation; BMI: body mass index.
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Fig. 2. Standard 6MWD and wearable sensor App 6MWD in 6-min walk distance for 60 participants.

Table 2
Correlations between standard 6MWD and wearable sensor App 6MWD
Wearable sensor App Standard 6MWT
Concurrent validity p-value Intra-rater reliability p-value
Pearson correlation r Cronbach alpha (95% CI)
Total participants (n = 60) 0.661 <.001 0.794 (0.655-0.877) <.001
Sex group Male (n = 30) 0.707 <.001 0.824 (0.629-0.916) <.001
Female (n = 30) 0.629 <.001 0.771 (0.520-0.891) <.001
Age group Aged 20-35 years (n = 20) 0.646 .002 0.778 (0.440-0.912) .001
Aged 36-60 years (n = 20) 0.698 .001 0.799 (0.493-0.921) <.001
Aged over 60 years (n = 20) 0.457 .043 0.627 (0.058-0.852) .019

6MWT: 6-Minute Walk Test.

remained within maximum permissible error or tolerance of medical devices classes at 5% [16,17], indicating that distance from the
wearable sensor has acceptable standard of accuracy. In a previous study, it was found that changes in distance of 14.0-30.5 m could be
clinically important in adults with pathology [18]. Consequently, the mean difference of the comparison between the standard and the
6MWT wearable sensor (14.75 m) should be interpreted with caution since it may be due to the relatively small number of participants.

In this study, the 3-axis accelerometer was used as a prototype of the wearable sensor. A systematic review with 31 studies
examined technological developments to detect the 6-min walk distance (6MWD) and reported that sensors with 3-axis accelerometer
showed high accuracy and reliability (r = 0.89) and accounted for 81.81% of 31 studies using the sensor with accelerometer [19].
Additionally, Storm et al. [20] reported that accelerometers were most commonly used for the assessment of 6MWT. Therefore, in this
study, a prototype wearable walking sensor device by using the 3-axis accelerometer was able to assess functional capacity or physical
performance in healthy individuals.

6. Limitations of this study

This study had limitations. The prototype wearable walking sensor device with an android OS application was utilized in healthy
participants only. Therefore, the wearable 6MWT sensor should be applied in a large sample size for subgroups analysis, within
different age ranges and other populations, such as patients with chronic diseases. However, the results of this study have sufficient
power to detect effects with retrospective statistical power = 0.95, for a two-tailed alpha = .05. The equation for estimated 6MWD
should be explored for improving the validity of the wearable walking sensors because other factors, such as sex and age, are associated
with walking distance [21-23]. Further, the prototype walking sensors device was attached at the ankle; thus, pulse rate could not be
monitored. Further studies should develop a prototype walking sensors device with monitoring pulse rate. Because the study devel-
oped and reported the concurrent validity of the prototype; therefore, the study analyzed all participants and only formed subgroups
on. Thus, the results may be potentially biased, and the conclusion may be interpreted cautiously regarding the number and differences
in characteristic data in individual participants.
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7. Conclusions

The prototype wearable walking sensor device of 6MWT is a suitable tool for the assessment of walking distance for 6 min in
healthy adults. Given the 6MWT has limited use in the healthy population, future research will require assessment of the wearable
walking sensor in populations with limited functional performance.
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