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INTRODUCTION

Growing evidence has shown the importance of physical 
performance in older adults as a parameter of future well-
being without geriatric adverse outcomes.1) Usual gait 
speed, a simple parameter that can be easily measured, has 
been considered a key screening measure for decreased 
physical performance in older people, and even called a 
functional vital sign.2-5) Indeed, studies on older people in 
both clinical and research settings have shown the fea-
sibility of measuring gait speed with varying protocols. 
From epidemiological studies, gait speed not only is con-
sidered to be indicative of the general health status of an 
individual but also can predict important clinical outcomes 
such as mobility disability, falls, cognitive impairment, 
institutionalization, and even mortality.1,6-10) Furthermore, 
gait speed in clinical patients is predictive of geriatric ad-
verse outcomes in patients undergoing surgical or medical 
procedures.11,12)

 In usual clinical practice and research, gait speed has 
been measured with a stopwatch in a predefined distance, 
with or without acceleration and deceleration. In Asian 
populations, a 4-m usual gait speed of less than 0.8 m/
s measured with a stopwatch has been considered slow in 
both men and women, although there are some popula-
tion-specific differences in the distribution of usual gait 
speed.13,14) However, manually measured gait speed can be 
affected by inter- and intra-observer variations because 
the method depends on the interpretation of an observer 
determining when the examinee’s foot or trunk has passed 
a predetermined point.15) 
 For large-scale multicenter epidemiological and clinical 
studies, this inter-observer variation in gait speed mea-
surements may affect the results of studies of gait speed 
parameters. Therefore, in an effort to reduce possible er-
rors in measuring gait speed associated with observer 
factors and to reduce training requirements for research 
staff using stopwatch-based manual measurement of gait 
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Background: We aimed to compare 4 automatic devices with a conventional stopwatch 
for measuring gait speed. Methods: We used 4 experimental devices to automatically 
measure gait speed: 1) Gaitspeedometer (GSM) 1, with laser sensors; 2) GSM2, with ultra-
sound sensors; 3) GSM3, with infrared sensors; and 4) GSM4, with a light detection and 
ranging sensor. To assess compatibility between different versions of GSMs, we collected 
426 data points from 4 young engineers walking at random speeds and with varying pos-
tures. We used these data to convert gait speed measured by GSM1 and 2 for compat-
ibility with GSM3 in the Korean Frailty and Aging Cohort Study (KFACS) dataset. Results: 
Mean gait speeds measured with GSMs 1–4 were 1.7% slower (R2=0.997), 12.2% faster 
(R2=0.993), 1.3% slower (R2=0.999), and 4.3% slower (R2=0.996), respectively, than the 
gait speed measured with a stopwatch. The concordance correlation coefficient between 
each GSM and the stopwatch was higher than 0.9. Using linear regression analysis with 
no constant term, conversion formulas for GSMs were established for the KFACS dataset 
using GSM1 and GSM2. Conclusion: The 4 methods of automatic gait speed measure-
ment and the manually measured gait speed correlated well with each other, and we hope 
these new technologies reduce barriers to measuring older people’s gait speed in busy 
clinical settings. (Ann Geriatr Med Res 2019;23:71-76)
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speed, we aimed to develop sensor-based instruments that 
can be easily used to produce reliable gait speed data. As 
a proof of concept, we studied the feasibility of automatic 
gait speed measurement in the outpatient clinic setting 
and found these parameters might be useful for screening 
frailty status.16) 
 In the Korean Frailty and Aging Cohort Study (KFACS), 
a nationwide multicenter prospective cohort study of the 
clinical importance of frailty in Korea, we intended to as-
sess the feasibility and validity of 3 different versions of 
gait speed-measuring instruments with distinct types of 
sensors (Gaitspeedometers, GSMs). Our goal was to de-
velop a portable device that is readily available to use in 
field studies with reliable performance in measuring gait 
speeds of older people with varying degrees of physical 
performance. Because we changed sensor modalities once 
a year in response to real-world feedback regarding the 
device users’ experiences during the previous year, we be-
lieved that cross-sensor comparisons were needed to deal 
with the accumulated gait speed data in this cohort study. 

 Therefore, in this study, we first aimed to compare 3 
different types of gait speed measuring devices with the 
latest device using a light detection and ranging (LiDAR) 
sensor and the traditionally used stopwatch. Also, we 
aimed to provide converting equations for data acquired 
from these devices for future research using automatically 
measured gait speed data in the KFACS.

MATERIALS AND METHODS

Development of GSM

Dyphi Inc. (Daejeon, Korea) serially provided 4 types of 
GSMs, using different sensors. We first used a laser beam 
breaker system consisting of 2 laser beams and receivers 
(GSM1) installed 4 m apart (Figs. 1A and 2A). A clock in 
the microcontroller measured elapsed time, starting when 
the leading ankle crossed the first beam and finishing 
when the leading ankle crossed the second beam. This first 
instrument was difficult to use in field studies as the laser 
beam was narrow and straight with little margin of error 

A
B

C

D

Fig. 2. In the cross-comparison 
study, 4 Gaitspeedometers (GSMs) 
were simultaneously used to 
measure gait speeds of partici-
pants. (A) GSM1; (B) GSM2; (C) 
GSM3; (D) GSM4.
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Fig. 1. Gait speed measuring 
layouts for Gaitspeedometers 
(GSMs). (A) GSM1, with 2 la ser 
beams; (B) GSM2, with 2 ultra-
sound sensors; (C) GSM3, with 2 
infrared sensors; (D) GSM4, with a 
light detection and ranging sensor. 
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during installation. Therefore, Dyphi designed the next 
version, using 2 ultrasound distance sensors (GSM2; Figs. 
1B and 2B). Time measurement started and finished when 
the leading ankle entered the measuring angle (15°, hori-
zontally) of the first and second ultrasound sensor, respec-
tively. However, after realizing that the side of the leading 
leg at the start and finish may affect the result, causing 
up to a 10% shorter effective ranging distance due to the 
fan-beam effect, Dyphi developed the next version using 
industrial infrared sensors (GSM3; Figs. 1C and 2C). This 
modality used a beam width of 5 cm with a total reflection 
mirror, thereby ameliorating the difficulties of installation 
with the GSM1 but preserving accuracy comparable to a 
laser beam. Finally, Dyphi developed the GSM4 (Figs. 1D 
and 2D), which uses a single highly accurate one-dimen-
sional LiDAR sensor measuring the longitudinal distance 
between the sensor and the trunk of the person walking 
with high spatial (±5 cm) and time resolution (10 ms).

Cross-comparison of 4 GSMs

We simultaneously installed 4 versions of the GSM in a 
hallway and measured varying gait speeds of 4 young 
healthy engineers with these GSMs and a stopwatch. For 
manually measuring gait speed with stopwatch, we started 
and finished the measurement when the leading edge of 
the foot crossed the starting and finishing line, which was 
marked on the floor. A video camera recorded the displays 
of the GSMs (https://youtu.be/ydsRDkw34ro). We analyzed 
these data to compare the characteristics of the 4 GSMs.
 In this cross-comparison study of 4 GSMs, 4 young 
healthy engineers (aged 29–34 years) were instructed to 
walk through a corridor in a random manner, including 
slow and fast paces. Gait speed was measured for 4 m, 
with 1 m before and after the measured distance allowed 
for acceleration and deceleration.

Producing Calibrated Gait Speed Data for KFACS

We used gait speed data from the KFACS, a prospective 
cohort study started in 2016 targeting people aged 70–84 
years to identify factors that may contribute to frailty in 
community-dwelling older adults.17,18) In this study, we 
used gait speeds of 1,491 participants in 2016 whose gait 
speed was measured using GSM1 and 1,337 participants 
in 2017 whose gait speed was measured using both GSM2 
and a stopwatch.
 The KFACS protocol was approved by the Institutional 
Review Board (IRB) of the Kyung Hee University (IRB 
number: 2015-12-103), and written consent was obtained 
from participants before the initiation of the study. This 
study was waived for informed consents from review by 
the IRB of the Clinical Research Ethics Committee of the 
Kyung Hee University Medical Center (IRB number: 2019-
03-041).
 In KFACS, participants were asked to walk at their usual 
gait speed, and the elapsed time for a 4-m distance was 
measured twice and averaged, with unmeasured 1.5-m ac-

celeration and deceleration zones. In measuring gait speed 
for KFACS, GSM1 was used in 2016, GSM2 was used in 
2017, and GSM3 has been used since 2018. As we aimed 
to standardize gait speed measurements in future research 
using the KFACS dataset, we established a formula for 
converting gait speeds measured by each GSM version in 
this cross-comparison study, to calibrate gait speeds to 
compatible with GSM3. 

Statistical Analysis

We used linear regression analysis, Bland-Altman plots, 
and concordance correlation coefficients19) to compare gait 
speed variables from GSMs and stopwatch. In comparing 
methods of gait speed measurements, we used linear re-
gression analysis without a constant term, with an a priori 
hypothesis that methods would be free from offsets when 
compared to other methods, since measuring distance was 
fixed to 4 m. To check for proportional bias, we used lin-
ear regression analysis using data points of Bland-Altman 
plots.20) For statistical analysis, STATA 15 (StataCorp, Col-
lege Station, TX, USA) was used and 2-sided p-values of 
<0.05 were considered significant.

RESULTS

Cross-comparison of 4 GSMs

We recorded 426 data points of gait speed measured us-
ing 4 types of GSM and a stopwatch. Generally, gait speed 
measured by the 4 types of GSMs correlated with the man-
ually measured gait speed (Fig. 3A–D). According to linear 
regression analysis with no constant term, the mean gait 
speeds using GSM1–4 were 1.7% slower (R2=0.997), 12.2% 
faster (R2=0.993), 1.3% slower (R2=0.999), and 4.3% slower 
(R2=0.996), respectively, than gait speeds measured using a 
stopwatch. Linear regression analyses using data points of 
Bland-Altman plots (Fig. 3E–H) revealed significant pro-
portional biases for GSM2 (standardized β=0.30, p<0.001, 
R2=0.093) and GSM4 (β=-0.63, p<0.001, R2=0.392) com-
pared with the stopwatch method. There was no significant 
proportional bias for GSM1 (β=0.07, p=0.155, R2=0.005) 
or GSM3 (β=-0.07, p=0.132, R2=0.003) compared with the 
stopwatch method. Concordance correlation coefficients (ρ) 
for manually measured gait speeds were 0.979 (p<0.001), 
0.908 (p<0.001), 0.998 (p<0.001), and 0.982 (p<0.001) for 
GSM1–4, respectively.
 From these data points, we established a conversion 
table for gait speed measured with GSM1–4 and with a 
stopwatch (Table 1), using linear regression analysis with 
no constant term. Every correlation coefficient (R2) be-
tween gait speed measured with GSM1–4 and a stopwatch 
was higher than 0.990, with p-values of <0.001.

Calibrated Gait Speed Data for KFACS

In 2016, usual gait speed was measured in 1,491 partici-
pants (mean age 76.1 years, standard deviation [SD] 3.9, 
46.8% male) using GSM1. In 2017, usual gait speed was 
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measured in 1,337 participants (mean age 75.7, SD 3.8, 
47.5% male) using GSM2.
 Using the converting coefficients in Table 1, we trans-
formed the gait speed data of 2016 and 2017 to be com-
patible with the gait speeds measured using GSM3. Before 
transformation, mean gait speeds measured in 2016 and 
2017 were 1.12 m/s (SD 0.27) and 1.18 m/s (SD 0.26), 
respectively. After transformation to match GSM3, the re-
spective adjusted mean gait speeds were 1.10 m/s (SD 0.27) 
and 1.10 m/s (SD 0.24).

DISCUSSION

In this study, we found that 4 different modalities of 
automatic gait speed measurement and the traditional 
stopwatch-based method for gait speed measurement cor-
related with each other. High concordance rates were ob-
served when each automatic method was compared with 
the stopwatch-based method, showing that gait speed data 
measured with an automatic sensor might be interpreted 
similarly, in terms of cutoff values for screening frailty 
and sarcopenia, to previous data established with stop-
watches.
 Even though GSM1–3 used the same scheme of beam 
breaking to measure gait speed, we found from this study 
that differences in the sensor mechanisms can affect mea-
suring characteristics. For example, when gait speed was 
measured with GSM2 (Fig. 1B), a 15° fanning effect of 
the ultrasound could reduce the effective distance of gait 
speed measurement when the left foot crosses the first 
beam and the right foot crosses the last beam. Indeed, 
from our study, we found that gait speed measured with 
GSM2 was faster than speeds measured with GSM1, 3, 
and 4. This difference due to the fanning effect may be 
even higher if a participant has a wide-based gait21) or has 

a tendency to veer to the right during the gait speed ex-
amination. Therefore, in the future, sensor characteristics 
should be considered when designing measuring systems 
for human physical performance. 
 In contrast to GSM1–3 using a beam-breaking scheme, 
GSM4 used a high-frequency longitudinal distance mea-
suring method with LiDAR technology. With the GSM4 
sensor facing the participant’s trunk, the distance between 
the GSM4 and the participant was measured and recorded 
every 10 ms, and using these values, the one-dimensional 
time-dependent trajectory of the participant could be ob-
tained. Measuring trunk speed with accelerometers has 
been examined previously,22) but to our knowledge, our 
study was the first to study gait speed using LiDAR to as-
sess the movement of the trunk. Although this scheme 
differed from the traditional approach of watching the 
participant’s ankle crossing the designated marking on the 
floor or wall, results from GSM4 were highly correlated 
with gait speeds that were either manually measured or 
measured with GSM1–3. Given the similar characteristics 
in terms of gait speed measurements, advantages of the 
longitudinal one-dimensional LiDAR include the ability to 
obtain additional variables such as real-time acceleration 
and variations in gait velocities for future research that 
cannot be assessed with a stopwatch or beam breakers in 
older adults.
 From the conversion table we produced by simultane-
ously using GSM1–4 and a stopwatch, we could calibrate 
gait speed data measured with GSM1 and -2 in 2016 and 
2017, respectively. Interestingly, when gait speeds mea-
sured using GSM1 and -2 were converted to match the 
characteristics of GSM3-measured gait speeds, the overall 
mean gait speeds of 2016 and 2017 became identical. 
Although GSM3-based gait speed data are not currently 
available in the KFACS, calibrated gait speed data from 
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Fig. 3. (A–D) Scatterplots showing correlations between gait speeds measured using 4 types of Gaitspeedometers (GSMs) and a stopwatch. 
(E–H) Bland-Altman plots for gait speeds measured using 4 types of GSMs and a stopwatch. SD, standard deviation.
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GSM1 and -2 provide evidence-based support for merging 
GSM3-based data in the future.
 Although this study was the first to compare gait speed 
measurements with GSM1–4 and a stopwatch, there are 
several limitations. First, this was a cross-comparison 
study of methods in young healthy engineers rather than 
in community-dwelling older adults with varying states of 
physical performance. However, by simultaneously using 
5 methods and having the participants walk at random 
speeds, we acquired a wide array of gait speeds ranging 
from 0.5 to 2.0 m/s. Second, because a single researcher 
(HWJ) measured all 426 walks using a stopwatch, inter-
observer effects of manually measured gait speed could 
not be assessed.
 In conclusion, all 4 types of GSMs showed concordance 
with each other and the stopwatch for measuring gait 
speed. These results may provide evidence-based guidance 
for researchers interpreting gait speed data from different 
types of GSMs in future research.
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