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Huang and Bagesteiro. Bodyweight squats are a common exercise in athletic training and rehabilitation due to their 
biomechanical and neuromuscular similarities to fundamental movements in a variety of sports and their 
requirements of coordination of major joints and numerous muscle groups (Schoenfeld, 2010). They are essential 
for kinesiology students, whose future careers often include athletic training and rehabilitation, to learn how to 
analyze the kinematics of a squat. While 3D movement analysis is considered the gold standard for motion capture 
(Chung & Ng, 2012), 2D digital video analysis is more commonly chosen in education environments to provide 
hands-on experience. However, few studies have investigated the differences between 2D and 3D analysis of squats 
(Escamilla et al., 2001; Krause et al., 2015; Schmitz et al., 2015). Therefore, the current study aims to compare 2D 
and 3D measurements of narrow-stance squats while enhancing learning by engaging students with hands-on 

experience using free, open-source software. Fifteen healthy adults (nine females, six males, 26.93  9.04 years old) 
participated in this study. Following proper COVID safety guidelines, 2D analyses were performed by undergraduate 
students at home while 3D analyses were performed using a motion capture system in the laboratory. Lower 
extremity joint angles and displacements were calculated using 2D and 3D methods. Statistical significances were 
found when comparing the differences between both measurements except for hip flexion. Nonetheless, the 
resulting angular and linear measurements from both 2D and 3D analyses aligned with previous research, 
suggesting that 2D digital video analysis is a viable option for educational purposes despite the significant 
differences. 

Key Words: lower extremity joints, linear and angular displacements. 
 

Introduction 

Undergraduate-level biomechanics is a core course in 
kinesiology curriculum that introduces the 
application of physics principles to the human body 
(Catena & Carbonneau, 2018). Courses during the 
COVID19 pandemic had to be moved to online 
learning, where most lab activities were limited to 
demonstrations. However, previous studies found 
that passively watching demonstrations was 
insufficient for most students to understand 
mechanical concepts (Crouch et al., 2004; Julian, 
1995; Roth et al., 1997). Despite the instructor’s 
efforts, students understood very little about the 
underlying concepts behind the demonstration (Roth 

et al., 1997), and observations failed to improve the 
rates of correct responses compared to no 
demonstration (Crouch et al., 2004). Various reasons 
contributed to this phenomenon, including students’ 
inability to understand the important content, 
inaccurate connection to previous concepts and 
superficially similar demonstrations, low 
engagement, and lack of opportunity to test their 
ideas (Roth et al., 1997). As a result, students 
watching demonstrations might incorrectly interpret 
the phenomenon or even misunderstand 
observations that never occurred (Milner-Bolotin et 
al., 2007). On the other hand, predicting outcomes 
and discussing them were found to significantly 
improve students’ understanding (Crouch et al., 2004; 
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Sokoloff & Thornton, 2004). Moreover, interactive 
lecture experiments, where students are involved in 
the data collection and analysis process and are 
responsible for discussion and solving related 
homework problems, were found to be greatly 
beneficial for students’ conceptual learning and test 
performance (Catena & Carbonneau, 2018; Milner-
Bolotin et al., 2007). The hands-on experience is so 
valuable in promoting student learning outcomes 
that it is considered to be the center of scientific 
education (Brinson, 2015; Ma & Nickerson, 2006). 
Additionally, remote laboratory activities where 
students complete the experimental steps at their 
own pace and location can offer similar benefits to in-
person hands-on laboratory activities (Brinson, 2015; 
Cooper, 2005; Ma & Nickerson, 2006).  

Practical activities are an interactive and critical 
aspect of the learning process. They are essential to 
engage students and develop problem-solving and 
critical-thinking skills, as well as enhance student 
understanding of specific topics and associating them 
with theoretical concepts and application. More 
specifically, when studying human movement, it is 
important to exemplify these experiences with 
activities familiar to the students (e.g., walking, 
running squatting, and reaching). 

Bodyweight squats are a common exercise in 
athletic training due to their biomechanical and 
neuromuscular similarities to fundamental 
movements in a variety of sports (Almosnino et al., 
2013; Schoenfeld, 2010). Additionally, the 
coordination of major joints and numerous muscle 
groups in squat performance allows such movement 
to be frequently used in rehabilitation for 
improvement in quality of life and evaluation of 
movement competency (Schoenfeld, 2010; Swinton 
et al., 2012). However, due to its requirements of 
mobility and stability of multiple joints, poor 
technique can lead to an increased risk of injury 
(Krause et al., 2015; Schoenfeld, 2010). Analyzing its 
kinematics can help participants understand the 
correct form and improve their performance. 
Researchers analyzed the squatting motion to gain 
insights into different aspects of the movement and 
its performance (Almosnino et al., 2013; Crowe et al., 
2019; Demers et al., 2018; Esformes & Bampouras, 
2013; Kim et al., 2015; Lorenzetti et al., 2018; McKean 
& Burkett, 2012; Moore et al., 2016; Sato & Heise, 

2012; Severin et al., 2017; Sorensen et al., 2001). Also, 
because of its exercise efficiency, squats are often 
added to core exercise routines to improve lower 
extremity muscular endurance, strength, and overall 
conditioning (Escamilla et al., 2000; Escamilla et al., 
2001; Schoenfeld, 2010). Therefore, it is essential for 
kinesiology students, whose future careers often 
include athletic training and rehabilitation, to learn 
how to analyze the kinematics of squat. 

To analyze the kinematics of squat, a motion 
analysis technique, among others (e.g., 
electrogoniometer, accelerometers and gyroscopes), 
is a suitable method for comprehensive movement 
analysis. A three-dimensional (3D) motion analysis 
system allows assessment of multiplane 
measurements, with accurate tracking motion and 
complete description in the three body planes in a 
wide range of motion analysis (e.g., combined 
rotation, flexion, adduction movements). Two-
dimensional (2D) video analysis provides a simpler 
technique to analyze a particular plane of motion 
(e.g., knee flexion and extension) under specific 
settings. Generally, the more elaborate the system, 
the higher the cost, but the better the quality of 
objective data that can be provided. Nevertheless, 
despite some limitations the simpler techniques are 
valuable, particularly in non-clinical settings (e.g., 
gym, home, workplace) where the use of high 
technology systems is difficult due to space, cost, and 
time. Additionally, the 2D method allows quantitative 
analysis, which can further improve the quality of 
visual observations.  

The validity of 2D analysis is specific to the plane 
of motion under examination, and the particular 
movement performed (Alahmari et al., 2020), and 
few studies have investigated the differences 
between 2D and 3D analysis of the squat (Escamilla et 
al., 2001; Krause et al., 2015; Schmitz et al., 2015). 
While 3D movement analysis is considered the gold 
standard for motion capture (Chung & Ng, 2012), it is 
often not available for all students, especially during 
the pandemic. Digital video analysis has been used in 
physics courses since the late 1990s and was found to 
be an effective addition to learning kinematics and 
interpreting graphs (Beichner, 1996; Escalada & 
Zollman, 1997; Laws & Pfister, 1998). As an 
alternative, 2D digital video analysis using free, open-
source software (Bagesteiro, 2020) can be chosen in 
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educational environments to provide hands-on 
experience. The current study aims to compare 2D 
and 3D motion capture measurements of narrow-
stance squats for the purpose of applying the 2D 
technique for educational applications. This may 
promote students’ ability to engage in practical work 
and identify questions and concepts that guide 
investigations and construct critical argument and 
reasoning in professional and personal settings. 

Methods 

Participants 

Fifteen healthy adults (nine females, six males; age 

26.93  9.04 years; height 1.70  0.13 m; body mass 

74.23  18.36 kg; BMI (Body Mass Index) 25.22.  3.96 
kg/m2) were recruited through word-of-mouth. The 
study was approved by the San Francisco State 
University ethics committee and the informed 
consent form was signed by each participant before 
the experiment. Participants’ previous experience 

and current frequency of exercise with squats were 
recorded. Thirteen participants reported to be 
familiar with the squatting motion, only two 
participants had never performed a squat prior to the 
experiment. Additionally, seven of the 15 participants 
performed squatting exercises at the frequency of 
twice per week or more. Three participants 
performed squats every other week. Six participants 
did not engage in regular squatting exercises. 
Furthermore, four participants mentioned the 
pandemic had diminished their exercise frequency. 
All participants were screened to have no 
compensation during overhead squats (see Fig. 1) and 
instructed to wear skin-tight shorts or tights during 
data collection. The overhead assessment was 
performed to observe participants’ overall posture 
and identify any related injuries or conditions 
(compensatory movements and muscle imbalances) 
that would prohibit them from safely performing a 
squat. Participants were instructed to perform a slow-
paced squat for movement consistency across trials.

Figure 1 

Overhead squat compensations (The Fitness Trainer Academy, 2015) 

 
 

Experimental Procedures  

Participants visited the laboratory once and data 
collection was performed with one participant and 
two researchers present in a 93m2 area laboratory 
following proper COVID safety guidelines. 
Participants were instructed to perform squats in 3-1-
3 rhythm (i.e., 3s down, 1s hold, 3s up) following a 

metronome set to 60 beats-per-minute (BPM). Three 
familiarization trials were performed, followed by the 
experimental trials. A narrow-stance squat was used 
to keep the lower limb parallel to the phone camera 
and avoid errors caused by image distortion. In 
addition, previous research showed (Escamilla et al., 
2001; Hu et al., 2021) that 2D kinematic analysis is 
most accurate when measuring narrow-stance squat. 
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Two-dimensional (2D) analysis.  

Five markers were attached to each side (left and 
right) of the participant (see Fig. 2). They included (1) 
lateral rib cage (midline of body), (2) greater 
trochanter, (3) lateral malleolus, (4) lateral femoral 
epicondyle, and (5) 2nd metatarsophalangeal joint. 
The experimental session was performed while six 
sagittal-view videos (three for each side, left and 
right) were recorded at 30 frames per second (fps) 

using smartphones. A rigid object of known 
dimensions was used to calibrate the video images. 
The recorded videos were processed using Tracker (a 
free video analysis and modeling tool – Open-Source 
Physics (OSP) Java framework – version 5.1.5. Brown, 
2020), which was installed on researchers’ personal 
computers. Hip, knee, and ankle angles from the 
sagittal plane were obtained based on Tracker 
analyses.

Figure 2  

Marker set for 2D analysis 

 

 

Three-dimensional (3D) analysis 

A 12-camera motion capture system (Vicon 
Motion Systems Ltd, Oxford, UK) was used to perform 
3D analyses. The Vicon motion analysis system was 
calibrated prior to each experimental session. 
Anthropometric measurements were taken and 
inputted to Vicon Nexus software (version 2.10.0) to 
scale the plug-in-gait model calculations and data 
processing. Participant’s height and body mass were 

self-reported. Anterior superior iliac spine (ASIS) 
distance, knee width, and ankle width were measured 
using a caliper, and leg length was measured using a 
ruler. Sixteen reflective markers were attached to the 
participant’s lower extremity, including left and right 
(1) ASIS, (2) PSIS (posterior superior iliac spine), (3) 
thigh, (4) lateral femoral epicondyle, (5) shank, (6) 
lateral malleolus, (7) calcaneus, and (8) 2nd 
metatarsophalangeal joint (see Fig.3). 
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Figure 3 

Marker set for 3D analysis – Vicon plug-in-gait model, right side view (Vicon Motion Systems Limited, 2008) 

 

 

Data processing and Statistical analysis 

Movement trajectories were processed using 
MATLAB (R2020b) to obtain maximum changes in 
joint angles (hip, knee and ankle) and knee linear 
displacements (vertical and horizontal (antero-
posterior (AP)). These joint kinematic measures are 
useful to describe body motions in different settings 
(e.g., therapists, athletic trainers, movement 
scientists). For each participant, joint angle data were 
calculated over time and normalized to total 
movement time for comparison. Movement start and 
end were set at 4% of peak hip linear displacement 
for both 2D and 3D analyses. The hip joint was 
selected because the squat is a close-chain 
movement, and it is the first to move. All trials were 
manually checked to confirm onset and termination 
of movement. 

Statistical analyses on the average values of the 
three trials on each side were performed using R 
(3.6.1). Normality was assessed using Shapiro-Wilk 
tests, and the returned p values were all greater than 

0.05 except for vertical knee displacements. Paired t-
tests were used to assess the significance of paired 
differences for the data that satisfied the normality 
assumption, Cohen's d effect size was calculated, and 
Wilcoxon Rank Sum Test was used to assess the 
significance of 2D versus 3D differences in knee linear 
displacements.  

Results 

Figures 4-6 illustrate normalized (% of movement 
time) 2D and 3D joint angles profiles (ensemble 

curves ( one standard deviation (SD)) for the squat 
motion. The patterns of motion are similar for both 
Tracker and Vicon analyses. All joint angles measured 
by each system started between zero- and 25-
degrees flexion, increased to maximum flexion at 
around 50% of total movement time, and decreased 
to near zero (start position). Furthermore, this 
pattern fits the 3-1-3 squatting rhythm, where 
participants spent most of the time in the descending 
(0-45%) and ascending phases (65%-100%) of the 
squat. 
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Figure 4.  

Hip flexion: comparison of 2D (Tracker, left) and 3D (Vicon, right) measures. Right (blue lines) and left (red lines) 
side measurements. 

 
Note. Shadings represent  SD. 

Figure 5 

Knee flexion: comparison of 2D (Tracker, left) and 3D (Vicon, right) measures. Right (blue lines) and left (red lines) 
side measurements 

 
Note. Shadings represent  SD.  
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Figure 6 

Ankle dorsiflexion: comparison of 2D (Tracker, left) and 3D (Vicon, right) measures. Right (blue lines) and left (red 
lines) side measurements. 

 

Note. Shadings represent  SD. 
 

Statistical significances were found when 
comparing 2D and 3D measurements. Angular 
changes at all three joints measured by Tracker (2D 
analysis) were found to be significantly different from 
those measured using with Vicon system (3D 
analysis). Joint angles measured by 2D and 3D 
systems were found to be significantly different at all 
three joints. Hip flexion in 2D measurements (107.92 
± 12.53) was significantly greater than 3D 
measurements (91.45 ± 10.52) with the largest effect 
size (t(29) = 6.64, p < 0.001, Cohen’s d = 1.47). In 
contrast to the higher 2D measurements in hip 
flexion, 2D analyses of knee and ankle angles were 
smaller than 3D analyses. Two-dimensional knee 
flexion measures (80.35 ± 12.59) were significantly 
smaller than 3D-measured knee flexion with a large 
effect size (92.63 ± 16.16, t(29) = -7.68,  p < 0.001, 

Cohen’s d = 0.85). Additionally, ankle dorsiflexion was 
also found to be smaller in 2D measurements (21.80 
± 5.52) than in 3D measurements with a large effect 
size (26.12 ± 6.72, t(29) = -7.06, p < 0.001, Cohen’s d 
= 0.72). Knee linear measurements (antero-posterior 
(AP) and vertical) showed statistically significant 
differences when comparing 2D and 3D data, where 
2D analysis consistently resulted in greater knee 
displacement measurements despite the direction. 
Tracker (2D analysis) measured greater horizontal 
(AP) displacements (0.22 ± 0.06) than Vicon (3D 
analysis) (0.15 ± 0.04), p < 0.001 (t(29) = 11.89, 
Cohen’s d = 1.42). Vertical displacements were also 
greater in 2D measurements (0.12 ± 0.05) than in 3D 
measurements (0.07 ± 0.02), p < 0.001 (Cohen’s d = 
1.82). Mean 2D and 3D differences for all 
measurements are presented in Table 1.

Table 1  

Mean differences between 2D and 3D angular and linear measurements (Mean ± SD).  

 Angular Displacement Knee Linear Displacement 

 Hip Flexion (o) Knee Flexion (o) Ankle 
Dorsiflexion (o) 

Antero-
Posterior  

(m) 

Vertical  
(m) 

Mean 
Differences 

16.47 ± 2.01* -12.28 ± 3.57* -4.32 ± 1.20* 0.07 ± 0.02* 0.05 ± 0.03* 

Note. *p < 0.001. 
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Bilateral symmetry (Figures 7 and 8) was assessed 
using paired t-tests since all the measurements on the 
left and right lower limbs were normally distributed. 
Significance in bilateral differences were found in hip 
measurements. Statistical significance with a small 
effect size (Cohen’s d = 0.26) existed for 3D hip flexion 

when comparing the left (92.77 ± 10.29) and right 
sides (90.13 ± 10.69, p < 0.001). However, the 
differences in left and right hip angles measured by 
the 2D system had a negligible effect size (Cohen’s d 
= 0.02). No significant differences were found in other 
joint angles or knee displacements between limbs.

 

Figure 7 

Comparison between 2D (Tracker) and 3D (Vicon) peak joint angles and right and left sides 

  

Notes. Left chart: Maximum hip flexion; Middle chart: Maximum knee flexion; Right chart: Maximum ankle dorsiflexion. 

Figure 8 

Comparison between 2D (Tracker) and 3D (Vicon) knee displacements and right and left sides 

 

Notes. Left chart: Horizontal (AP); Right chart: vertical. 
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Discussion 

The resulting angular and linear measurements from 
both 2D and 3D analyses aligned with previous research. In 
the current study, hip flexion had an average of 106.57o 
(±13.38o) in 2D analysis and 91.40⁰ (± 11.60o) in 3D 
analysis. Both values for hip flexion fell into the range of 
86.67o (± 8.30o) to 117.02o (± 9.88o) established by 
previous studies (Demers et al., 2018; Escamilla et al., 
2001; Han et al., 2014; Mauntel et al., 2015; McKean & 
Burkett, 2012). Knee flexion in the current study also 
agreed with previous results. Past studies found that knee 
flexion in a narrow squat was generally between 92.67o (± 
12.67o) to 147.10o (± 9.20o) (Demers et al., 2018; Escamilla 
et al., 2001; McKean & Burkett, 2012). While located at the 
lower limit of the range, both results in 2D analysis (83.24 
± 11.67o) and 3D analysis (95.29 ± 16.21o) were included 
in the established range. Similar to hip and knee flexion, 
measured ankle dorsiflexion was in alignment with earlier 
research. McKean and Burkett (2012), Han et al. (2014), 
and Demers et al. (2018) measured ankle dorsiflexion in a 
narrow squat to be 29.00o (± 6.00o) to 32.50o (± 5.00o), 
which overlapped with both the 2D angles (21.80 ± 5.52o) 
as well as the 3D angles (26.12 ± 6.72o). Additionally, knee 
2D horizontal (anteroposterior) displacements (0.23 ± 0.06 
m) supported data reported by Swinton et al. (2012) (0.22 
± 0.04 m) whereas 3D knee anteroposterior displacements 
(0.15 ± 0.04 m) were slightly smaller. The lesser knee 
flexion and ankle dorsiflexion were likely caused by 
reduction in physical activities during the COVID-19 
pandemic since five out 12 participants reported a drop in 
exercise. The lack of exercise could cause a decline in lower 
extremity muscle strength, which was found to reduce 
squat depth (Kim et al., 2015).  

Squat exercises are frequently regarded as a nearly 
symmetric task, with little difference in the movement 
between the two lower limbs. However, several sports 
require asymmetric movements, which can lead to 
bilateral asymmetry as a result of differences in sports-
specific training and muscle strength. Bilateral differences 
in the hip-joint were observed; such results can be 
considered when attempting to decrease the risk of injury. 
The overall bilateral symmetry also agreed with previous 
studies (Moore et al., 2016; Severin et al., 2017) showing 
asymmetry in hip flexion reported in single-leg squats 
(Severin et al., 2017). The difference in hip flexion is 
possibly a result of lower limb dominance. Since lower limb 
dominance was not recorded in this study, future 
investigations are required to confirm such speculation. 
Measurements in the current study aligned with previous 
findings, suggesting the results to be reliable and 
appropriate for educational settings.  

While the joint angle ranges in this study were 
consistent with those in past research, conflicting evidence 
was found on the distinctions between 2D and 3D analyses. 
While Escamilla and colleagues (2001) found no difference 
between 2D and 3D analyses of narrow squats, significant 
differences at all three joints were found by Krause et al. 
(2015), which supports our data. However, Krause et al 
(2015). found that the 2D software measured greater joint 
angles across all three joints, and the current study found 
that 2D joint angles were only greater at the hip and 
smaller at the knee and ankle joints (Fig. 6). The 
overestimation of hip flexion in 2D measurement is likely 
due to the simplification of pelvis motion (Krause et al., 
2015). On the other hand, the underestimation of ankle 
dorsiflexion is possibly a product of camera placement. 
Although the camera was focusing on the lower 
extremities without obvious distortion, it filmed the ankle 
from a slightly higher angle causing the ankle to start with 
a false plantarflexion. 

This study is not without limitations. Since this pilot 
study was conducted during the COVID-19 pandemic, 3D 
and 2D measurements were collected on two separate 
days as one of the necessary accommodations made to 
guarantee safety. Even though the squats were performed 
by the same subject, the subject might not have been able 
to repeat the same squats. Therefore, individual 
differences might contribute to inconsistent performances. 
Concurrent 2D and 3D measurements will need to be 
conducted to confirm the current findings. Additionally, 
while undergraduate students have verbally expressed 
their appreciation of hands-on experience over the course 
of this study, no testimonials were obtained. Individual or 
focus group interviews with a third-party can be beneficial 
to understand the students’ experiences throughout the 
remote laboratory activity without any potential pressure 
from the instructor.  

Conclusion 

Kinematic analysis of the bodyweight squat is essential 
among various fields within kinesiology, including athletic 
training and rehabilitation, making squat analysis 
important in kinesiology curriculum. While 3D 
measurements are considered the gold standard and 
provide the most accurate results, the 2D video analysis 
method applied in the current study offers location 
flexibility (i.e., no laboratory space required) and ease of 
use (i.e., basic hardware and open-source software) in 
different learning modalities. The current study found 
significant differences between 2D and 3D measurements 
at hip, knee, and ankle joints, yet all angular measurements 
fell within ranges established by previous research. This 
investigation supports the use of such 2D video analysis as 
an effective tool for measuring joint kinematics and its 
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implementation in educational contexts. To further 
confirm the current findings and resolve limitations in this 
research, a mixed-method study with concurrent 2D and 
3D recordings and focus group interviews needs to be 
conducted. 
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