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Abstract  Recently, webcam-based motion capture
systems have attracted tremendous attention as alternative
low-cost motion analysis tools, owing to the rapid
advancement of markerless technologies. Although the
upper and lower limbs are moved simultaneously in most
function activities in daily life, most existing studies
focused on kinematic data observed in the hip and knee
joints during gait. The purpose of this study was to measure
the kinematic data of the upper and lower limb
simultaneously during modified squat, using low-cost
webcams and to compare them to those of the 3D
marker-based motion capture system. The modified squat
was performed nine times in total without rest in between.
The modified squat consisted of hip and knee flexion with
elbow flexion. During modified squat, the kinematic data
were collected using 4 RGB cameras and 13 Vicon
cameras. The positions of the joints were obtained using
OpenPose and the 3D positions were reconstructed using
OpenCV. Angular trajectories from the Vicon motion
capture system tended to be very similar to the ones from
the webcam-based motion capture system. There was no
significant difference in the kinematic data at the elbow
between two different capture systems. Additionally, the
minimum joint angles at the hip and knee were not
significantly different. It was confirmed that the markerless
motion capture system based on webcam can measure
angular joint motions at the same level as the Vicon 3D
motion capture system with markers. The webcam-based
motion capture system will enhance the usability in clinical
settings.

Keywords Kinematics, Motion Detection, OpenPose,
OpenCV, Vicon, Webcam

1. Introduction

Human motion analysis is a prerequisite for evaluating
movement dysfunction. Visual observation is widely used
in clinical settings, but it lacks objectivity because the
subjective experience of the measurers is reflected in the
interpretation [1]. With technological advancement, a
variety of specialized equipment currently aids in
biomechanical analysis. In the technical aspect, the
three-dimensional (3D) motion capture system is the most
accurate and reliable technology, thus being considered as
the gold-standard [2]. However, a large space is required
for equipment installation, and it has to be used in an
environment where light gets blocked because of the usage
of infrared markers [3]. Furthermore, it requires a lengthy
advance preparation process for measurement and
specialized skills for analysis. Therefore, 3D motion
analysis is operated by professionals in laboratory
environments and is unsuitable for daily use in clinical
settings. Commercially developed products, such as Kinect,
are easy to use in daily life outside the laboratory
environment; however, they lack accuracy. For application
in patients, the validity should be improved because an
under- or over-estimated joint range of motion (ROM) is
observed compared to the Vicon 3D motion capture system
[4-6]. Digital video analysis of human motion is also often
used, which specifies two segments and calculates the joint
angle between the specified segments. However, it has
disadvantages: it requires a high-definition camera, and the
analysis is limited to single plane movements [7,8].
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Furthermore, if there is no marker, errors may occur in
joint tracking [9]. Recent advances in markerless
technology suggest the possibility of webcam-based
motion capture systems [10,11].

Webcam is inexpensive and easy for operation, resulting
in excellent versatility and usability. Expensive equipment
such as Vicon is difficult to use in common clinics that
account for the absolute majority in the rehabilitation
medical system because of the price burden. Because
measurement and analysis using webcam-based motion
captures are simple, a therapeutic program can be created
on-site based on the measurement results. In the early days,
webcam-based motion captures required markers for the
accurate analysis of human body movements. In addition to
direct attachment of sphere-shaped objects as markers on
the body, certain parts that have significant contrasts to the
background may be specified for tracking [12,13]. Because
marker-based systems have spatial constraints, a
markerless system is essential for use in natural settings.
Currently, it is possible to capture markerless 3D motions
if the OpenPose and OpenCV is used on images obtained
through two or more webcams [14,15]. However, despite
its high usability, there is a lack of research on markerless
3D motion capture systems compared to those on other
motion capture systems. Many existing studies have
separated the upper and lower limbs to analyze their

movements, mostly focusing on lower limbs [12,13,16-18].

Because the upper and lower limbs are moved
simultaneously in most function activities in daily life,
unlike in the laboratory, it is important to measure and
analyze them without separation.

The purpose of this study was to measure the single joint
motion of the upper limb and multi-joint motion of the
lower limb simultaneously, using highly versatile low-cost
webcams and to compare it to the 3D marker-based motion
analysis used as a gold-standard.

2. Materials and Methods

2.1. Subjects

A healthy adult (age 29 years, height 173 cm, weight 73
kg) voluntarily participated and informed consent was
obtained before the experiment. The Institutional Review
Board of Woosong University approved this study.

2.2. Instrumentation

2.2.1. Vicon 3D Motion Capture System

Thirteen infrared cameras (6 Vantage5, 1 MX-T160, 5
MX-T40S, 1 MX-T40, Vicon Motion Systems, Oxford,
UK) and the sampling frequency of 100 Hz were used for
the study. Twelve retro-reflective markers (diameter
14 mm) were attached to only the right side of the human
body, and this study followed the ISB recommendation for

marker placement [19,20]. A low-pass filter (3 Hz) was
used for eliminating high frequency noise. The software
used to process the data was Vicon Nexus 2.9.

2.2.2. Webcam-Based Motion Capture System

Four RGB cameras (IRC70, i-rocks, Gwacheon-si,
Republic of Korea) were connected to the computer, with a
high-end GPU (RTX2080Ti, NVIDIA, CA, USA), via
USB cables. The motion data collected at a frame rate of
approximately 25 Hz was subsequently interpolated to
match the Vicon’s frame rate of 100 Hz. The positions of
the major joints (neck, shoulder, elbow, wrist, hip, knee,
and ankle) of the subject were obtained using OpenPose, a
software for pose estimation from 2D images [21]. The 3D
positions were reconstructed using OpenCV from the joint
position information analyzed in four simultaneously
captured 2D images [15]. To eliminate noise, the data was
filtered using a low-pass filter with a cutoff frequency of 3
Hz. To compensate the time offset between the two
measurement systems, motion data collected by the
webcam-based motion capture system (4DEYE, SYM
Healthcare, Seoul, Republic of Korea) was automatically
aligned to the reference motion data collected by the Vicon
motion capture system to achieve the best correlation
between the two data.

2.3. Procedures

A B
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Hip Flexion
L —
—l— Knee
Flexion
Figure 1. Modified squat including elbow flexion-extension

Before starting, both feet were spread shoulder-width
apart, with both feet facing slightly outward (Figure 1A).
The lower limbs maintained straightness in the hips and
knees. Both arms were raised to shoulder level, with palms
supinating toward the sky. With the start signal, the subject
performed a modified squat. The modified squat consisted
of hip and knee flexion with elbow flexion (Figure 1B).
Hip and knee flexion were performed to the maximum
possible range, and elbow flexion was performed until a
soft end-feel was felt. After complete flexion, the subject
performed the hip and knee extension by getting up at the
same speed as sitting, and simultaneously, performed the
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elbow extension. The modified squat was performed nine
times in total without rest in between.

2.4. Data Analysis

Paired T-test was used to compare the average of the
angles at the elbow, hip, and knee joints obtained by the
Vicon 3D motion capture system and webcam-based
motion capture system. The Bland-Altman agreement
analysis was conducted to determine the mean bias and
limits of agreement between the two motion analysis
systems. Statistical analyses were performed using SPSS
Statistics 25 (IBM Corp., Armonk, NY, USA). The
statistical significance levels were set at 0.05. The values
were reported as the mean + standard deviation. The
figures were created using GraphPad Prism 8.01
(GraphPad Software Inc, La Jolla, CA, US).

Markerless Motion Capture System Based on Webcams Using OpenPose

3. Results

Angular trajectories from the Vicon 3D motion capture
system tended to be very similar to the ones from the
webcam-based motion capture system (Figure 2). The
maximum (peak flexion) and minimum (peak extension) of
joint angles were observed at almost the same time on the
upper and lower limbs.

There was no significant difference in the maximum and
minimum of joint angles and ROM at the elbow between
two different capture systems (Table 1). Additionally, the
minimum joint angles at the hip and knee were not
significantly different. However, the maximum joint
angles and ROM were significantly lower at Vicon motion
capture system at the hip and knee. Bland-Altman analyses
revealed that the mean bias was 7.610 and the standard
deviation (SD) of bias was 6.972 (Figure 3). Limits of
agreement ranged from -6.055 to 21.270.

Elbow flexion

Hip flexion

Knee flexion

15 20
Time (sec)

25

Figure 2. Comparison of sagittal plane joint angles for right elbow, hip, and knee

Table 1. Elbow, hip, and knee angles during flexion and extension of joints
Elbow Hip Knee
Angle() p Angle(’) p Angle(’) p
Vicon 134.1+1.3 103.6+1.8 114.5+3.3
Max 0.011 <0.001 <0.001
Webcam 138.9+£3.8 118.5+3.2 121.242.7
Vicon 4.5+0.7 4.7+2.4 3.4+3.1
Min 0.085 0.710 0.424
Webcam 7.7+4.7 43+4.4 4.2+2.1
Vicon 129.6£1.5 98.8+2.6 111.1+3.1
ROM 0.253 <0.001 <0.001
Webcam 131.2+4.6 114.245.6 116.9+4.2

Max: Maximum of joint angle, Min: minimum of joint angle, ROM: range of motion, defined as the difference between the maximum and the minimum

angle
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Figure 3. Bland-Altman plots comparing two different systems

4. Discussion

Most existing studies focused on and analyzed kinematic
data observed in the hip and knee joints during gait.
However, while the lower limbs move in an activity of
daily living, the upper limbs move simultaneously and it is,
therefore, important to analyze them together [22,23].

In this study, kinematic data of the upper and lower limb
was analyzed after measuring the sagittal plane joint angles
in real-time while the modified squat (elbow flexion during
hip and knee flexion) was performed. Motions in the
frontal and transverse planes are allowed limitedly during
gait, whereas those in the sagittal plane are allowed in a
wider range [24,25]. Because motions in the sagittal plane
are limited after body damage in most cases, clinical
analysis on angular trajectories in the sagittal plane is
crucial for constructing a rehabilitation program. In the
current study, kinematic data at the elbow, hip, and knee
were obtained using the webcam-based markerless motion
capture system and compared to those obtained using the
Vicon motion capture system, which is considered as a
gold standard.

During the nine times of the modified squat, the peak
and valley of the angular trajectories measured at the elbow,
hip, and knee by the two systems were found to be all quite
similar. More specifically, the minimum of joint angles
showed no significant difference at every joint. Comparing
Vicon and Kinect, which is widely used as an alternative
low-cost motion capture system, it was often observed that
the measured trajectories did not match or showed a large
difference between the two systems during joint
flexion-extension [4,26,27]. In contrast, the webcam-based
motion analysis using OpenPose and OpenCV did not
show much difference in the Vicon 3D motion analysis.
OpenPose allows obtaining the center of an individual joint
and vectors between two separate joints through the
synchronized images acquired from multi-webcams
[14,21]. According to a study by D’Antonio, it is possible
to obtain kinematic data of the lower limbs during gait if
OpenPose is used; furthermore, it is found that not only
angular kinematic data but also a significant part of the
angular path is consistent in the comparison with inertial
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measurement units (IMUs) [10,16]. Webcams are hardly
affected by spatial constraints, unlike Vicon, which
requires infrared markers for motion tracking. Furthermore,
they can be used in a variety of clinical settings because no
professional knowledge is required to operate the devices.
In the case of recently released high-end webcams, some
products have a performance of 120 or 240 frames per
second, facilitating the use in sports fields [28,29].
Angular trajectories during the modified squat were
consistent overall, but some parts were different in detailed
kinematic data between the two systems depending on the
joint. In the case of the elbow, there was no significant
difference in the maximum and minimum of the joint angle
and ROM. In the case of the lower limb, however, there
was a significant difference in the maximum of the joint
angle at the hip and knee, and in the case of the hip,
especially, the difference was larger. Because a significant
difference occurred in the maximum of the joint angle in
the state where there was no significant difference in the
minimum joint angle, there was a significant difference in
ROM. In previous studies, it was concluded that a full
ROM of hip and knee was not observed in motion tracking
using OpenPose because the peak flexion obtained by the
webcam was quite lower than that obtained by the IMUs
[4,16]. However, the peak flexion angle observed using
OpenPose in this study was larger than that measured by
Vicon. Because the validity and reliability are both rated
higher in Vicon than IMUs, it can be inferred that
OpenPose can technically measure full ROM. A slight
difference in the kinematic data between Vicon and
webcams is probably due to the difference in the trunk
anatomical coordinate system’s estimation method and the
longitudinal axis’ estimation method between the two
systems. Because the hip flexion angle is calculated as the
angle between the trunk and thigh, it is important to
accurately estimate the coordinates of the trunk as the
reference point while the thigh is moving. In the Vicon
system, two markers are attached to the ventral part
(CLAYV and STRN) and two to the dorsal part (C7 and T8)
[30]. The medio-lateral axis, supero-inferior axis, and
antero-posterior axis are estimated from the four markers.
In contrast, the webcam-based system confirms the
positions of the neck, left and right shoulders, and left and
right hip joints in the frontal plane and then uses the trunk
anatomical coordinate system that has each joint center’s
position as a reference point. In other words, the reference
position of the trunk may vary depending on the coordinate
estimation method. This is not an error, but rather a
difference based on the estimation method. Second, in the
case of Vicon, a single rigid-body segment is recognized
based on the markers attached to the skin, and the values
measured according to the skin curvature may not be
parallel to the actual longitudinal axis of segment. This is a
systematic error and will continuously have an effect
during measurement. In summary, in the case of the hip
joint angle-the angle between the trunk and long bone, the
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difference between the two systems may be relatively
larger compared to the case of the elbow and knee joints.
Despite some differences, the measured angular
trajectories are highly consistent between the two systems,
and because the deviation is not large, it can be determined
that there will be no problem with the clinical application.

This study has several limitations including a small
sample size. Most functional motions are accompanied by
positional movements, and in this study the experiments
were conducted with the subject fixed in one place. When
the subject passes in front of the webcam, the distance
between the subject and webcam decreases gradually and
then increases gradually. Here, the plane captured on the
camera changes from the front to the back [31]. For
accurate measurement of the angular motion of the
segment, a previous study utilized OpenPose also restricts
positional movements by having gait performed on a
treadmill [16]. In the future, studies would be conducted in
an environment where positional movements are free.

5. Conclusions

The technological advancement of software and
hardware for markerless motion capture enables low-cost
human motion capture. In this study, it was confirmed that
if OpenPose and OpenCV are used, the webcam-based
motion capture system-despite being markerless-can
measure angular joint motions at the same level as the
Vicon 3D motion capture system with markers. Because
webcams are portable and consume low power, the
webcam-based motion capture system will enhance the
usability in natural settings, such as clinical and sports sites,
beyond artificial spaces such as laboratories [32].
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