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OBJECTIVES The purpose of this study is to verify how accurately wearable devices measure energy
expenditure while walking outdoors.
METHODS A total of 20 people, 10 healthy males and 10 females, participated in the study. After approval by
the Institutional Review Board of Pusan National University, the experiment was conducted with the consent
of the subject. All subjects wore four wearable devices (Fitbit Surge, Android Phone, iPhone, pedometer)
and a portable gas analyzer simultaneously and walked on flat, downhill and uphill road respectively. All
subjects repeated these experiments on each slope three times. The validity was verified through correlation
analyses and paired t-test between the energy expenditure measured by the wearable devices and by a
portable gas analyzer.
RESULTS Under all three road slopes (flat, downhill, uphill road), the energy expenditure as measured by
iPhone, Android phones, and pedometer significantly correlated with the portable gas analyzer. However,
all three devices were significantly overestimated or underestimated the energy expenditure as compared
to the gas analyzer under all three road slopes. Fitbit Surge did not correlate with the gas analyzer for
measuring energy expenditure under any conditions, and significantly overestimated energy expenditure.
CONCLUSION The validity of energy expenditure measurement during outdoor activities using wearable
devices is still low, and more valid motion detection sensors and algorithms need to be developed.
© The Asian Society of Kinesiology and the Korean Academy of Kinesiology

Introduction

have been developed to measure energy consumption
during exercise. For example, various types of pedometers,

It is well known that increased physical activity improves

smartphone applications, Fitbit products are widely used.

the quality of life of modern people through disease

According to the latest forecast from International Data

prevention and health promotion. Due to this trend, many

Corporation’s (IDC) Worldwide Quarterly Wearable Device

people participate in various physical activities, but in order

Tracker, the global market for wearables grew up 71.4% from

to maximize the effectiveness of exercise, a safe and efficient

178 million units in 2018 to 305.2 million units in 2019. From

exercise program suitable for individual characteristics

there, total volumes will grow to 489.1 million units in 2023,

and fitness is required. To this end, monitoring of energy

resulting in a compound annual growth rate (CAGR) of

consumption, which indicates the exact amount of physical

22.4% [1]. Wearable devices are used not only by professional

activity, is necessary. Recently, many wearable devices

athletes, but also by people who want to exercise for health.
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In addition, it is expanding to various medical services such
as providing feedback through monitoring physical activity of
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patients using wearable devices [2,3,4], and rapidly responding
to emergencies by monitoring 24-hour physical activity of
high-risk patients [5,6].
Accordingly, studies to verify the feasibility of measuring
energy expenditure of wearable devices have been actively
conducted [7,8,9]. Most of them, however, have been done
indoors using treadmills or bicycle ergometers. Some studies
have been conducted in outdoor environments, but all in flat
road [10,11]. In particular, the effectiveness of measuring
energy expenditure of wearable devices on slopes (uphill or
downhill) is not yet known. Considering that most of wearable
devices estimate energy expenditure using an algorithm, it is
important to test if these devices are reliable in different road
slopes such as uphill or downhill.
Therefore, this study validated energy expenditure
measurements of four wearable devices by comparing to
a portable gas analyzer during walking on flat, uphill and
downhill road.

Figure 1. Example of wearing four wearable devices (Fitbit Surge, Android
Phone, iPhone, pedometer) and a portable gas analyzer simultaneously.

Methods

random order. Each walking test was performed after the

Subjects

heart rate had returned to a completely stable state. All

Twenty healthy men and women in their 20s (10 for each

subjects underwent the same experiments three times over

gender) participated in this study. This study was approved

an average of 2-3 days. The distance of flat road was 800 m

by the Institutional Review Board (IRB) of Pusan National

and the downhill and uphill road were 530 m. The slope of

University (PNU IRB/2015_33_HR), and conducted with the

the downhill and uphill road was 5-18% with an average of

consent of the subjects. All subjects checked their health status

14 ± 1%. The walking speed was determined by the subjects’

with PAR-Q & YOU physical activity readiness questionnaire

preferred speed.

before experiment for their safety.
Procedure
The subjects wore four wearable devices (Fitbit Surge,
pedometer, Android Phone, and iPhone) and a portable
gas analyzer simultaneously and walked on flat, downhill
and uphill road <Figure 1>. All subjects restricted excessive
exercise 2-3 days before the experiment and maintained the
same diet and physical activity 24 hours before the experiment.
The energy expenditure measured by the wearable devices
were validated against the energy expenditure measured by
the portable gas analyzer.
Measurements
Subjects walked on flat, downhill, and uphill road in
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Each subjects wore four wearable devices. Firstly, Fitbit
Surge (Fitbit, San Francisco, USA) was worn on the wrist of
the left arm. It includes an optical heart rate monitor, a 3-axis
acceleration sensor, an altitude sensor, a vibration motor, and
GPS. Energy expenditure is automatically calculated by device
application based on the subject’s height, weight, age and
gender. Secondly, a pedometer (YGH667, Haptime, China)
was worn on the waist. It counts the number of walking steps
by sensing vibration, and calculates energy expenditure and
walking distance based on the subject’s height and weight.
Thirdly, Android Phone (Galaxy S6, Samsung Inc., South
Korea) was worn on the left upper arm. It contains GPS,
gyro sensor, accelerometer, geomagnetic sensor, barometer
sensor and heart rate sensor. S Health, a built-in application,
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provides energy expenditure and walking distance based on
the subject’s height, weight, age, and gender. Lastly, iPhone
(iPhone 6, Apple Inc., USA) was worn on the right upper arm.
It contains GPS, gyro sensor, accelerometer, and barometer
sensor. Run keeper, a built-in application, provides energy
expenditure and walking distance based on the subject’s
height, weight, age, and gender.
A portable gas analyzer (K4b2, COSMED Inc., Italy) was
used to measure accurate energy expenditure during walking.
Subjects wore masks connected to portable gas analyzer on

Table 1. Subject characteristics
Subject

Age (years)

Height (cm)

Weight (kg)

Male(n=10)

24.0±2.7

177.4±5.7

75.6±4.7

Female(n=10)

22.7±2.7

161.0±5.8

52.5±6.3

Values are mean ± standard deviation

The results of correlation analyses between portable gas
analyzer and wearable devices for energy expenditure of
walking on three different road slopes are shown in Table

their backs while wearing four devices.

2. Galaxy S6, iPhone 6, and pedometer showed significant

Statistical Analysis

expenditure in all three road slopes, flat, downhill, and uphill

correlation with the gas analyzer for measuring energy

In this study, the mean (M) and standard deviation (SD)

road. Among these three wearable devices, iPhone 6 showed
the highest correlation followed by Galaxy S6 and pedometer.

were calculated using SPSS 21.0.
Pearson’s correlation coefficient and paired t-test were

However, Fitbit Surge did not show any significant correlation

performed to verify the validity of measuring energy

with the gas analyzer for measuring energy expenditure in all

expenditure by wearable devices. The significance level (α)

three road slopes.
Energy expenditure of walking on flat, downhill, and uphill

for all statistics was set at p <0.05.

road measured by the gas analyzer and wearable devices are

Results

shown in <Table 3>. Fitbit Surge significantly overestimated
energy expenditure of walking on flat (33.1%) and downhill

The characteristics of subjects are shown in Table 1. All
subjects completed the experiment without dropout.

(55.6%) road compared to the gas analyzer. However,
there was no significant difference in energy expenditure

Table 2. Pearson’s correlation coefficient between gas analyzer and wearable devices for energy expenditure of walking on three different road slopes
Road slope

Gas Analyzer

Fitbit Surge

Galaxy s6

iPhone 6

Pedometer

Flat

r = .124

r = .699**

r = .770**

r = .437**

Downhill

r = .119

r = .697**

r = .759**

r = .541**

Uphill

r = .181

r = .572**

r = .763**

r = .482**

** significant correlation with gas analyzer at p <.01

Table 3. Energy expenditure of walking on three different road slopes measured by gas analyzer and wearable devices (kcal)
Road slope

Gas Analyzer

Fitbit Surge

Galaxy s6

iPhone 6

Pedometer

Flat

47.74±8.89

63.54±16.79**

34.93±7.10**

40.33±9.54**

37.55±8.37**

Downhill

21.50±4.68

33.45±8.97**

18.85±3.32**

27.08±6.12**

23.95±4.35**

Uphill

58.41±10.06

59.29±12.47

23.88±3.81**

26.00±5.54**

24.04±5.31**

** significantly different compared to gas analyzer by paired t-test at p < .001
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of walking on uphill road measured by these two devices.

enough for use in research. Galaxy s6 and iPhone 6 contain

Galaxy s6 significantly underestimated energy expenditure

similar sensors such as GPS, gyro sensor, accelerometer, and

of walking on all three road slopes, flat (26.8%), downhill

barometer sensor. These devices are able to provide more data

(12.3%), and uphill (59.1%) road. iPhone 6 significantly

during physical activity via these sensors such as movement

underestimated energy expenditure of walking on flat (15.5%)

of speed, distance, time, altitude, and etc. In fact, both Galaxy

and uphill (55.5%) road, but significantly overestimated energy

s6 and iPhone 6 showed relatively strong correlation with

expenditure of walking on downhill road (25.9%) compared

gas analyzer for measuring energy expenditure. However,

to the gas analyzer. Similarly, pedometer also significantly

the Galaxy s6 and iPhone 6 use their own algorithms to

underestimated energy expenditure of walking on flat (21.3%)

calculate energy expenditure, so each gives different values.

and uphill (58.8%) road, but significantly overestimated energy

In this study, Galaxy s6 underestimated energy expenditure

expenditure of walking on downhill road (11.4%) compared

for all three road slopes, but iPhone 6 underestimated energy

to the gas analyzer.

expenditure for flat and uphill roads and overestimated

Discussion

energy expenditure for downhill road. This discrepancy
may be due to their different algorithms. Nevertheless, both

The purpose of this study was to verify the validity of the

devices underestimated energy expenditures of uphill walking

wearable device for measuring energy expenditure in the

more than 50%. It could be explained by the fact that most

outdoor condition. In particular, we included both men and

of wearable devices underestimate energy expenditure with

women for subjects, tested on three different road slopes (flat,

increasing workload [10,11]. Thus their algorithms need to be

downhill, and uphill), and repeated the same experiment three

made up to increase accuracy to measure energy expenditure.

times to increase reliability.

Pedometer contains relatively simple vibration sensor as

The results of this study showed a significant positive

compared to other wearable devices. Nevertheless, it had a

correlation between energy expenditure of walking on flat,

positive correlation with a gas analyzer for measuring energy

downhill, and uphill road measured by Galaxy s6, iPhone 6,

expenditure in this study. Although it underestimated energy

and pedometer and a portable gas analyzer. However, all three

expenditure for flat and uphill roads and overestimated energy

of these devices significantly overestimated or underestimated

expenditure for downhill road, it showed the possibility of

the energy expenditure of walking in all three road slopes

being useful. Pedometer is the simplest wearable device, hence

compared to the gas analyzer. This suggests that Galaxy s6,

developing a better algorithm can be widely used to monitor

iPhone 6, and pedometer is able to reflect energy expenditure

energy expenditure in research.

of outdoor physical activity on various road slopes, but is not

Unlike other devices, there is little research on Fitbit

yet able to accurately measure or estimate them. Fitbit, on

products. Diaz at al. [12] reported that Fitbit One and Fitbit

the other hand, did not correlated with the gas analyzer for

flex are reliable device for measuring step counts and energy

energy expenditure in all three road slopes and overestimated

expenditure. On the other hand, other studies demonstrated

for energy expenditure in flat and downhill roads, suggesting

that Fitbit Surge accurately measures heart rate but not

that Fitbit could not reflect or measure energy expenditure of

energy expenditure [7,8,9]. Considering that these studies

outdoor physical activity.

were conducted in laboratory, it is not surprising that Fitbit

As far as we know, there are no studies validating

Surge overestimated energy expenditures in flat, downhill, and

smartphones for measuring energy expenditure compared to a

uphill walking, which were not correlated with a gas analyzer

gas analyzer, especially during walking outdoors. Smartphones

in this study. Since Fitbit Surge contains an optical sensor to

are not medical or research equipment, but the frequency of

accurately measure heart rate, these results might be due to its

their use in research is increasing rapidly in recent years.

algorithm. As other devices, it needs to be made up to increase

Therefore, it is important to investigate whether it is accurate

validity to measure energy expenditure.
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Conclusions

Trajectory During 16 Weeks. JMIR Mhealth Uhealth.
2015;3(4):e96.

The most popular wearable devices, such as Android

5. Pasluosta CF, Gassner H, Winkler J, Klucken J, Eskofier BM.

phones, iPhones, Fitbit Surges, and pedometers, do not

An Emerging Era in the Management of Parkinson’s

accurately measure energy expenditure outdoors on flat,

Disease: Wearable Technologies and the Internet of

downhill and uphill walks.

Things. IEEE J Biomed Health Inform. 2015;19(6):1873-
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