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[Objective] The objective of this study was to investigate the reliability of smartphone-based measurements of the upper

body, thigh, and shin segmental angles, and the hip and knee joint angles when walking. [Method] The sample size of this

study included eight young and healthy college students. In this study, smartphones were used to determine the changes in

angles when the subjects walked with smartphones attached to their torso (upper body), thigh, and shin. The obtained

angles represented segmental angles for the torso, thigh, and shin, and were later used to calculate hip and knee joint

angles. Measurements were taken and then the test-retest method was used to evaluate the agreement between the test

and retest results. [Results] According to the results, a very high reliability for the torso and shin segmental angles

(ICC>0.75) and a high reliability for the thigh segmental angle and hip and knee joint angles (ICC>0.60) were displayed.

[Conclusion] According to the results of this study, it was established that smartphones can be sufficiently used as devices

for gait analysis.
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1. Introduction

Gait refers to the motion involved in moving the human body

from one location to another, and this action moves the center of

body mass forward by continuous motion of various joints and

muscles.1 Despite being a very basic motion in activities of daily

living, many elderly and disabled people have gait difficulties.2

Therefore, highly reliable assessment tools for determining the

functional level of gait ability are needed.3

On the basis of this demand, efforts to quantify gait have been

ongoing since the 19th century.4 Development of image-capturing

technology for image analysis of human gait sufficiently satisfied

the demands of researchers in this field. In particular, using a

greater number of cameras and markers increased accuracy of the

measurements and produced reliable images. However, such

motion analysis equipment required a separate testing space and

highly trained specialists to operate them, as well as involved high

costs.5,6 Moreover, depending on the need, dozens of markers need

to be attached on the subject, which may generally require 10 to 30

minutes of preparation for the measurements.7 Furthermore, the

possibility of a confined space and complex and unfamiliar

equipment placing a psychological burden on the subjects,

compromising the reliability of the experimental data, could not be

ignored.2

Therefore, an onsite gait analysis method is needed that involves

low cost and maintenance, is easy to use and interpret, and allows

the measured data to be used immediately.8

With recent advances in sensor and data processing technologies,
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it has become possible to extract acceleration values according to

body movements using acceleration sensors attached directly to the

body, which has also allowed analysis of body movements by

easily attaching sensors to the body regardless of location.9,10 Gait

analysis methods using such acceleration sensors show high

correlations with methods based on conventional motion analysis,

and thus, they are expected to replace existing methods.11 In this

regard, LeMoyne et al. (2010), Rigoberto et al. (2010), and

Yamada et al. (2012) proposed methods for analyzing gait using

data extracted from smartphone acceleration sensors.12-14

However, by using acceleration sensors alone, only the amount

of spatial-temporal changes in the body can be determined,

whereas segmental or joint angles that many researchers require

cannot be determined. Moreover, if an acceleration sensor is not

already equipped onsite, acceleration values cannot be extracted.

On the other hand, smartphones are devices that are readily

available and familiar to us, while also having small spatial-

temporal limitations. Moreover, smartphones have not only an

acceleration sensor, but a gyroscope sensor already installed in

them, which allows angles from tilting of the smartphones to be

extracted.15 Wellmon et al. (2016) reported that smartphones have

a very high reliability for measuring joint angles,16 whereas Cox et

al. (2017) stated that measuring plantar flexion joint angle using a

smartphone was a useful method with a high validity.17 However,

these precedent studies did not track segmental or joint angles on

continuous movement, but rather, they used a smartphone to

measure the angles at specific points. Meanwhile, studies measuring

segmental and joint angles during gait using gyroscopic sensor

values of smartphones are still lacking.

Accordingly, the present study investigated the reliability of

smartphone-based measurements on the torso, thigh, and shin

segmental angles and hip and knee joint angles during gait.

2. Methods

The present study used smartphones to measure torso, thigh, and

shin segmental angles, with the angle of each segment relative to

an imaginary coronal plane perpendicular to the ground. For test-

retest reliability, first and second measurements were taken one day

apart.

2.1 Subjects

The present study received the approval from the Institutional

Review Board at U1 University. The subjects consisted of eight

college students residing in Korea. The subjects were recruited by

word-of-mouth and posters. Detailed selection criteria were as

follows: 

§ Those with no history of falling during activities of daily

living due to vision problems or vestibular disease

§ Those with no injury or disease in the musculoskeletal or

nervous system

§ Those who voluntarily consented to participate in the study

2.2 Smartphone and Application

The smartphone used in the present study was the Galaxy S8

(Samsung, Korea, 2017), and the application used was the Sensor

Kinetics pro (Ver.2.1.2, INNOVENTIONS Inc, US, 2015). Sensor

Kinetics pro can simultaneously record the values of the

gyroscopic sensor according to the tilt of the smartphone and

converts the recorded measurement values to the csv file format,

which can be sent to email or a cloud drive for analysis using MS

Excel. Moreover, the starting point of each measurement was time

stamped with International Standard Time (IST) and saved, which

made it possible to identify the time point at which the data were

collected. The present study used a sampling rate of 50 Hz.

2.3 Measurement Procedures

2.3.1 Attachment of Smartphones

Sports armbands (JSA-04, China, OKmart) that are readily

Fig 1. Study design
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available in the market were used to attach the smartphones to the

body, and if the armband was not long enough to attach the

smartphones to the thigh and torso, Velcro was used to extend the

length of the armband. Smartphones were placed inside the

armbands and attached to each body segment, as shown in Fig. 2.

On the torso, the smartphones were attached on back near the

lower back area, whereas on the thigh and shin, the smartphones

were attached in the front. 

2.3.2 Preparations for the Measurements

Prior to the main measurements, all of the smartphones were

placed on top of a table that was measured with a level to make

sure it was horizontally level. The smartphone screen faced the

ceiling and the USB-C terminal of the smartphone faced

downward, matching the direction in which the subjects would

walk. In this state, the smartphone was switched to airplane mode,

disabling all wireless functions, including WiFi, Bluetooth, NFC,

and GPS. Subsequently, all smartphone applications were closed,

and the smartphone was powered off and restarted. Once the

smartphone was restarted, the experiment was conducted as

quickly as possible. This process was repeated for every new

subject.

After attaching the smartphones to the subject with the

armbands, each subject was instructed to walk around the

measurement environment at least five times to become familiar

with the environment. During all measurements, the subjects were

bare foot, and the ground had a hard and even surface (Fig. 3). 

2.3.3 Measurement Methods

Prior to the actual measurements, Sensor Kinetics pro

application was run to adjust the final position to be completely

vertical to the ground, as much as possible, after which the

application was restarted. During the measurement, the subjects

were instructed to maintain a standing position for at least 3 s to

make sure the baseline value was closest to being vertical as

possible, after which, the subjects were instructed to walk naturally

as they normally would. 

2.3.4 Post-Measurement Processes

Data measured by the smartphones and application were saved

by their designated file names for each measurement point and

converted to csv files upon completion of all measurements.

Subsequently, WiFi function was turned on and the files were

sent to Google drive. All measured values from each subject

were organized individually into a single MS Excel file for each

subject. 

The walking motion of the subjects was captured with the

smartphone, and to determine the time point of heel strike for each

stride, IST was recorded together. Data were extracted from each

gait after the third and up to the fifth gait for each subject.

Fig. 2 Attachment of smartphones on the torso, thigh, and shin

Fig. 3 Gait measurement with the smartphones attached
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2.4. Analysis Methods

The present study used MS Excel (Microsoft Office 365

ProPlus, v.1707) and SPSS 18.0 for data processing and statistical

analysis. The significance level was set to 0.05. 

IST was set to 1/1000 s. The point of heel strike was designated

as the start of a stride, and the point of heel strike in the next stride

was designated as the end point of gait. Segmental angles were

calculated by subtracting the baseline value measured while

standing from the values measured at each point during gait. Each

gait cycle was set as 100%, and data were extracted from every

point in 2% increments, so that 50 data would be extracted for each

gait regardless of the time required. Moreover, relative to the

standing position, when the torso and thigh moved backward, the

data were inverted to positive numbers instead of being expressed

as negative numbers; MS Excel formulas were used to

automatically invert those values to be expressed as negative

numbers. For each time point corresponding to 2% of gait, the

thigh segmental angle was subtracted from the torso segmental

angle to derive the hip joint angle, whereas the thigh segmental

angle was subtracted from the shin segmental angle to derive the

knee joint angle.

For agreement between the first and second measurements, the

intraclass correlation coefficient (ICC[2,1]) of the mean of 50

values extracted from each item in gait was examined.

3. Results

3.1 General Characteristics of the Subjects

The subjets’ general characteristics are presented in Table 1.

3.2 Agreement of Segmental Angles

Agreement between the first and second measurements of

segmental angles was very high for the torso and shin (≥0.75),

whereas the thigh showed a high agreement of ≥0.60 (Table 2).

Segmental angles at each time point (unit of 2%) from the first

and second measurements were as shown in Fig. 4.

3.3 Agreement of Joint Angles

Agreement between the first and second measurements of joint

Table 1 Demographic characteristics of the subjects

Subject Mean ± SD

Sex (M/F) 4/4

Age (yr) 20.5 ± 0.926

Height (cm) 167.05 ± 7.962

Weight (kg) 63.875 ± 11.618

Table 2 Agreement of segmental angles

Mean ± SD
ICC

First Second

Torso 2.259 ± 5.212 1.111 ± 4.311 0.975**

Thigh 6.809 ± 2.998 6.786 ± 5.688 0.737*

Shin -6.307 ± 4.83 -3.452 ± 7.717 0.909**

*ICC>0.60, **ICC>0.75

Fig. 4 Segmental angles from the first and second measurements
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angles was high for both the hip and knee joints with ≥0.60

(Table 3).

Joint angles at each time point (unit of 2%) from the first and

second measurements were as shown in Fig. 5.

4. Discussion

The purpose of the present study was to investigate the

reliability of smartphone-based measurements of torso, thigh, and

shin segmental angles and hip and knee joint angles during gait.

Previous studies that measured human body movements using

smartphones attached the smartphones on the back rather than the

front of the torso.13,18,19 Even in the present study, the smartphones

were attached on the lower back for extracting segmental angles of

the torso. This was because, based on a preliminary study,

attaching them to the lower back was expected to show a higher

agreement than attaching them to the stomach or above the

sternum.

Moreover, in precedent study, for the thigh or shin, the

smartphones were attached on the front.19 In the present study also,

the smartphones were attached on the front of each segment of the

thigh or shin. On the basis of a preliminary study, it was

determined that attaching the smartphones on the side of the thigh

or shin resulted in most severe data distortion, whereas attaching

the smartphones facing the ceiling caused the least amount of

distortion. However, attaching the smartphones to face the ceiling

can be cumbersome and unnecessary shaking is also measured.

Consequently, the smartphones were attached to the front side of

each segment. It was also determined that attaching the

smartphones to be vertical to the ground can be expected to

produce measurement values with less distortion and higher

reliability.

The present study used rotation sensor values provided by the

Sensor Kinetics pro application. The Sensor Kinetics pro

application used values from an acceleration sensor and gyroscope

sensor installed on the smartphone to provide rotation values based

on the tilt of the smartphone as angular values. Since smartphones

were attached to each segment of the human body, the segment

angle of each segment relative to a line perpendicular to the ground

could be determined. Before the main experiment, preliminary

experiments were conducted several times, wherein the smartphone

was attached to the rotor of the goniometer and the stator was fixed

on the wall with the hand, after which ten angles were randomly

extracted while the rotor moved within a range of 0 - 270o to

determine how closely the smartphone rotation sensor values

provided by the Sensor Kinetics pro application matched the

goniometer angles. The results of these preliminary experiments

showed over a 96% match between the goniometer and

smartphone rotation sensor values. With respect to this, Park et al.

(2014) reported that when measuring the range of shoulder motion

in stroke patients this method showed a high reliability, comparable

to that on using a traditional goniometer.20 Park et al. (2015) also

reported that smartphone-based measurements showed high

reliability and validity for measuring the range of hip motion in

patients who underwent hip surgery.21 

Although acceleration and gyroscope sensors can already be

purchased easily at low cost, there are clear limitations in the

ability of people to use such sensors by assembling and coding

them and in interpreting the sensor data as valuable information in

Table 3 Agreement of joint angles

Mean ± SD
ICC

First Second

Hip joint 4.55 ± 4.572 5.675 ± 4.361 0.632*

Knee joint 13.117 ± 3.089 10.237 ± 4.317 0.626*

*ICC>0.60, **ICC>0.75

Fig. 5 Joint angles from the first and second measurements
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actual clinical settings. Thus, the present study used smartphones

with an application that can extract segmental angles, which have

already been developed and are familiar to users. Park et al. (2016)

indicated that it is unlikely that the work of therapists will be

completely replaced in the near future, but half of the work may be

replaced, depending on changes in technology.22 The results of the

present study are expected to urge practitioners about the need to

handle sensors and devices for interpreting data collected from

sensors and devices for the fabricated for measurement of clients

(patients) in the clinical setting in the near future. We also aim to

raise awareness about the importance of sensors and coding in the

field of health care and expect this study to be a model study on the

feasibility of this method.

In the present study, agreement between measurements for the

torso and shin segmental angles was very high (≥0.75), which

confirmed a very high reliability. On the other hand, agreement

between measurements for the thigh segmental angle was high

(≥0.60), which confirmed high reliability, but lower reliability than

that of the torso and shin segmental angles. It is suspected that this

was because the Velcro used to closely fasten the smartphone on

the thigh was slightly elastic, and as a result, even though the

smartphone was closely fastened to the thigh, the impact to the

supporting device or movement of the thigh may have caused

unnecessary, slight movement. Moreover, because of how the body

is structured, tightly fastening the smartphone to the thigh can

cause the position of the smartphone to shift slightly when gait is

repeated. Therefore, future studies should consider using a non-slip

pad between the smartphone and the skin to make sure the

smartphone stays closely fastened to the thigh. Agreement between

measurements for the hip and knee joint angles was higher than

0.60, but it was lower than 0.75. It is believed that such results

were affected by the agreement of thigh segmental angles being

lower than 0.75.

Despite attaching the smartphones in the same manner,

instances of inverted data were found during data processing.

Although this issue was easily addressed on MS Excel, future gait

analysis applications should be developed so that inverted data can

be automatically identified and processed accordingly. Moreover,

although high reliability was achieved by aligning the smartphones

along the long axis of each body segment, ankle joint angles could

not be calculated as a method of attaching the smartphones to the

feet could not be established. It is believed that, in the future, smart

watches should be used or low-cost sensors should be made

available so that gait analysis can be performed easily and at a low

cost in clinical settings. 

Barela et al. (2006) performed imaging analysis on above-

ground and underwater gait among young college students.23

Above-ground gait results showed that the torso and thigh

segments were tilted toward the back more than other segments at

approximately 50% of the gait cycle. Moreover, at the same time,

the hip joint was extended the most. The same phenomenon was

found in the present study. Mansfield and Neumann (2014)

reported that maximum extension of the knee joint during gait

occurs at the heel strike and mid-support phases.24 It flexed slightly

after heel strike and then extended again. Subsequently, it flexed

again and reached maximum flexion during the middle of the

swing phase, followed by rapid extension before heel strike. Such a

pattern of change also appeared in the present study. Considering

that the general gait patterns of young adults found in the present

study were consistent with those found in studies that measured

gait patterns with expensive equipment, future studies on the

validity of expensive equipment and smartphone-based gait

analysis are expected to show a high degree of agreement.

On the basis of the findings of the present study, future studies

are needed to confirm the reliability and validity of smartphones in

gait analysis in elderly individuals and patients with various

diseases. 

5. Conclusions

The present study investigated the reliability of smartphone-

based measurements of torso, thigh, and shin segmental angles and

hip and knee joint angles during gait in eight healthy college

students. The study results confirmed that the smartphone-based

measurements of torso and shin segmental angles had a very high

reliability, whereas the thigh segmental angles and hip and knee

joint angles had a high reliability. The present study demonstrated

that smartphones may be used as a device for gait analysis. By

clearly systematizing measurement methods and developing

additional sensors, low-cost gait analysis that can be performed

anywhere, as needed, is expected to be possible in the future.
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