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Performing Meaningful Movement
Analysis From Publicly Available
Videos Using Free Software — A Case
of Acrobatic Sports

Pui Wah Kong*, Alexiaa Sim* and Melody J. Chiam

Physical Education and Sports Science Academic Group, National Institute of Education, Nanyang Technological University,
Singapore, Singapore

This paper illustrates how movement analysis could be performed using publicly
available videos and freeware to generate meaningful information for sports practitioners
and researchers. Using acrobatic sports as a case, we performed kinematic analysis on
206 YouTube videos of high-level competitions in diving and gymnastics using Kinovea.
Results revealed good to excellent inter-rater reliability of variables analyzed. Significant
differences in angular speed (p < 0.001, n2p = 0.213) and flight time (p < 0.001,
n2p = 0.928) were found among eight different events. Divers had longer flight time
(0 < 0.001, nzp = 0.569) and were somersaulting faster than gymnasts (p = 0.021,
n2p = 0.026). Angular speed was higher in tuck than pike somersaults (o < 0.001,
nzp = 0.214). Shorter the flight time was significantly correlated with faster angular
speed (rho = —0.533, p < 0.001) in gymnastics events. Coaches and scientists can
consider applying the proposed method to monitor the athletes’ performance and to
identify errors (e.g., insufficient flight time). The kinematics measurements can also be
used to guide the transition plan across different apparatus and categories (e.g., 10-m
platform to 3-m springboard). In conclusion, the present study highlights the potential of
using readily available information and open-source freeware to generate scientific data
for sports applications. Such data analysis approach can accommodate a wide range
of video qualities, is easily accessible, and not restricted by situations such as social
distancing, quarantine, lockdown or other restrictive measures.

Keywords: YouTube, Kinovea, somersaults, sport, diving, gymnastics

INTRODUCTION

In the field of sports science, biomechanical analysis of athletes’ movements can provide useful
information for coaches, scientists and athletes to evaluate performance, identify errors, and
develop training and competition plans (Ae, 2020; Barbosa et al., 2021). To obtain detailed and
accurate movement data, athletes are often tested comprehensively in a biomechanical laboratory
using expensive and advanced equipment such as multi-camera 3D motion capture systems and
force platforms (Ferdinands et al., 2009; Augustus et al., 2021). COVID-19 and the associated
restrictions impose great challenge to sports (Bobo-Arce et al., 2021). Many laboratories around
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the world were closed for a sustained period of time. Others
required users to adhere to strict safe management measures such
as limiting the number of people per group, maintaining social
distancing, and avoiding physical contact. These restrictions
make it difficult if not impossible to perform standard
biomechanical movement analysis in the laboratory. Fortunately,
there are alternative solutions to perform meaningful movement
analysis in sports (Morgulev et al, 2018; Pan et al, 2021).
This paper presents a method that makes use of publicly
available videos and free software to conduct biomechanical
movement analysis. When using publicly available videos, the
researchers have no control over the video recording process
such as camera position, sampling rate, shutter speed and field
of view. The wide range of video qualities imposes challenges
on movement analysis, for example, blurry images due to slow
shutter speeds and temporal errors associated with low frame
rate. Despite these technical difficulties, it is yet possible to
perform remote video analysis by carefully selecting variables that
can be determined with good confidence even when the videos
were taken from different sources with sub-optimal qualities. The
present study will illustrate a practical data analysis approach that
can accommodate a wide range of videos of varied qualities.

To demonstrate the idea of video-based movement analysis,
a case of acrobatic sports was selected. Acrobatic sports athletes
such as divers and gymnasts performed highly skilled moves
across different events (e.g., platform, springboard, floor, and
gymnastic apparatus) in specialized competition venues (e.g.,
gymnasium and diving pool) (King and Yeadon, 2004; Vladimir
et al, 2015; Sayyah et al, 2018, 2020; King et al, 2019,
2022). While great efforts have been made to develop inertial
measurement units for on-water data collection (Walker et al.,
2017, 2019), kinematic information of diving movements are
mostly obtained from videos recorded at diving pools (Sayyah
et al, 2018, 2020; King et al, 2019, 2022). Similarly in
gymnastics, video-based analysis has been a useful means to
assess movement quality, provide feedback and inform training
plans (Mizutori et al., 2021; Fujihara, 2022). Analyzing publicly
available competition videos is a promising approach to offer
insights into these very difficult moves that are approaching
human limit. At high-level international competitions, it is
interesting to observe that acrobatic sports athletes perform
similar somersaulting moves despite competing in different
sport events. For example, triple back somersaults are seen
in floor routines and dismounts from apparatus in artistic
gymnastics as well as the armstand dive group from the 10-
m platform. Although the numbers of rotation appear similar,
one cannot assume that the biomechanical characteristics of
these moves are the same for divers and gymnasts. Factors
that can influence the somersaulting speed may include the
approach speed, compliance and height of the take-off and
landing surfaces, flight time available to complete the required
number of somersaults, body shape, and moment of inertia of the
athlete while somersaulting (Hamill et al., 1986; Gronbech, 1993;
Miller and Sprigings, 2001; Cheng and Hubbard, 2008; Kong,
2010; Mkaouer et al., 2013; Mikl, 2018). Previous biomechanical
studies on acrobatic sports typically reported detailed kinematics
of one move (Vladimir et al.,, 2015; Park and Yoon, 2017;

Walker et al., 2019) or comparing across a few somersaulting
moves (Sanders and Gibson, 2003; Walker et al., 2017; King et al,,
2022) within a single sport. To the authors’ best knowledge, no
studies have compared the somersaulting moves performed by
athletes across different acrobatic sports events.

The purpose of this study was to use acrobatic sports as
a case to illustrate a video-based movement analysis approach
using open-source freeware to perform meaningful analysis
from publicly available footages of varied qualities. In specific,
key biomechanical variables of divers and gymnasts when
performing similar acrobatic moves in real competition settings
would be compared. Findings from this study can help us
better understand the mechanical demand of the highly difficult
skills and the transferability of skills in acrobatic sports.
Such information may also be useful for coaches and sports
scientists to develop training plan and select movements for
competitions. The proposed data analysis approach has economic
and practical benefits for scientists, coaches and athletes because
the measurements can potentially be performed by anyone in any
location, without the need to access specialized and expensive
facilities, equipment or software.

MATERIALS AND METHODS

This study was approved by the Nanyang Technological
University Institutional Review Board (Protocol Number: IRB-
2021-02-029). Publicly available videos of from high-level diving
and gymnastics competitions in the past 6 years were retrieved
for kinematics analysis.

Selection of Video

To systematically retrieve videos for analysis, a set of pre-set
criteria should be developed. These criteria should be objective
and clearly defined such that other analysts can repeat the search
if they follow the described methods. In the present study, the
acrobatic sports videos were included for analyses if they fulfilled
all the following criteria:

(1) Publicly available on the YouTube site, uploaded by
the competition organizers (e.g., Olympics YouTube
Channel) and/or the international federation of diving
or gymnastics [e.g., Fédération Internationale de Natation
(FINA), Fédération Internationale de Gymnastique (FIG)].

(2) Athletes performed either a 3.0 or 3.5 back somersault move
in a tuck or pike position without any twists in the diving
or gymnastics competitions. These moves were considered
very difficult moves that were near the athletes’ limits. We
did not limit the move to only the triple somersault because
divers do not usually land feet first at high level competition.
In the backward dive group, divers typically perform 3.5
somersaults and entered the water with their hands first to
minimize splash.

(3) The move had to be executed in a high-level
competition setting (e.g., Olympic Games, world
championships, European championships, British

Gymnastics Championships, United States Gymnastics

Frontiers in Education | www.frontiersin.org

June 2022 | Volume 7 | Article 885853


https://www.frontiersin.org/journals/education
https://www.frontiersin.org/
https://www.frontiersin.org/journals/education#articles

Kong et al.

Movement Analysis Using Free Software

Championships, China Star, and China
National Games).

(4) The competitions took place in the past 6 years (2016-
2021).

(5) The videos must be in normal time and not slow motion.

Diving

For diving videos, the search terms on the YouTube site
included dive number “207C” (backward 3.5 somersaults in
tuck), “207B” (backward 3.5 somersaults in pike), “626C” (arm
stand 3.0 somersault in tuck), “626B” (arm stand 3.0 somersault
in pike), followed by the term “diving”. For gymnastics videos,
the terms used were “triple somersault,” “triple back tuck,” “triple
back pike,” followed by the term “gymnastics.” In addition,
the search also included terms related to official high-level
competitions such as “Olympics Gymnastics,” “Olympics Diving,”
“World Championship Gymnastics,” “FINA Diving,” and “Diving
World Cup.” The selected videos consisted of two categories in
diving - 3-m springboard and 10-m platform (backward group
and armstand group), and five categories in gymnastics — floor
exercise, rings, horizontal (high) bar, double-mini trampoline,
and tumbling. Both male and female athletes were included in
the video search process.

In the present study, a tuck position was considered when
there is hip and knee flexion whereby the knees should be bent
to a maximum range and pulled toward the chest (Mitchell
et al., 2002). A pike position was considered when there is hip
flexion (less than 90°) and straight legs, and this is also known
as a closed pike position (Mitchell et al., 2002). If the athlete
attempted to somersault in a pike position but bent the knees
midway, the video would be excluded from the analysis because
no distinct body position could be identified. Every eligible video
was extracted from YouTube through screen recording at 30 Hz
through these two software — OBS Studio 27.0.1, Xbox Game Bar
5.721.6282.0. This allows slow motion viewing, frame-to-frame
navigation, and kinematic analysis.

Biomechanical Analysis

Biomechanical analysis of the extracted videos was performed
using the Kinovea software (version 0.8.15, available for
download at: http://www.kinovea.org). Kinovea is an open source
software under GPLv2 license for 2D motion analysis. It can be
downloaded for free, and is widely used in the field of kinematic
analyses in sports (Nor Adnan et al., 2018). This software has
been demonstrated to show good accuracy in measuring angles
and distances (Puig-Divi et al., 2019). Specific to acrobatic
sports, excellent intra-rater and inter-rater reliability was found in
angle measurements and identification of key events in dynamic
gymnastics movements (Khong and Kong, 2016). Moreover,
the authors reported good agreement among three independent
raters with varying levels of gymnastics experience suggesting
that 2D video analysis can be readily adopted by users regardless
of their personal experience in acrobatic sport.

When selecting biomechanical variables to be analyzed, we
need to consider the recording rate, camera position and scaling
factors. Temporal or timing variables can be easily obtained
as long as the key events (e.g., takeoff and landing) can be
visually seen from the videos. The accuracy of timing data will

depend on the video recording frame rates (Tay and Kong, 2018).
Angular kinematic measurements (e.g., angle and angular speed)
require the movement plane to lie perpendicular to the optical
axis of the camera (Tay and Kong, 2018). Any out-of-plane
angle measurements would result in perspective errors. Linear
kinematic variables (e.g., displacement and velocity) are the most
difficult ones since calibration procedures must be performed to
obtain appropriate scaling factors. In some sports, the known
dimensions of equipment (e.g., billiards table) can be used for
calibration purposes (Pan et al., 2021).

In the present study on acrobatic sports, there are technical
challenges associated with the online videos which were captured
under different camera settings with varied qualities. First, the
cameras were moving to follow the athletes and that no consistent
calibration objects were available. Second, the cameras were not
always positioned perpendicular to the movement plane and
therefore angle measurements would be subjected to perspective
errors. Third, most videos were recorded at low sampling rate
and slow shutter speeds. This temporal limitation restricted us
from analyzing frame-by-frame instantaneous kinematics such as
joint angle-time history or peak angular speed. Having consider
these technical challenges, the present study proposed to measure
flight time and average angular speed of the somersaulting
moves. Flight time is a temporal variable which does not
require calibration. Compared with instantaneous kinematic
measurements (e.g., maximum hip flexion angle, peak angular
speed), taking the average angular speed over a longer period
of time would be more accurate because this method was less
affected by the temporal errors associated with low frame rate.
We believe that flight time and average angular speed information
can be determined with good confidence across videos of varied
qualities to facilitate remote analysis of acrobatic sports. Details
of each variable are described below.

Flight Time

Flight time was defined as the duration of the athlete in the air
(Figure 1). It started from last video frame that any part of the
athlete’s body is in contact with the take-off surface (springboard,
platform, floor, and tumbling track) or apparatus (rings, high bar,
and mini trampoline) before somersaulting in the air, to the first
video frame that the athletes’ hands breaking the water (diving)
or feet touching the landing surfaces (gymnastics).

Average Angular Speed

Previous studies illustrated that when divers performed multiple
somersaulting dives, the angular speed increased sharply in the
beginning of the flight phase, remained fairly unchanged in the
somersault phase when a tight body position was formed, and
decreased toward the end when the body extended from the
tight somersault position (Walker et al., 2017, 2019). In the
present study, the average angular speed was quantified while the
athlete was somersaulting in a tight and rigid body position with
minimal joint flexion or extension movements. While there are
variations in the way how divers and gymnasts hold a tuck or pike
position (Mikl, 2018), we considered a tight and rigid position
was assumed when the athlete pulled the legs closest to the chest
during the rotation. Once the athlete loosened from the tight tuck
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denoted by the rectangle.

FIGURE 1 | An example of measurement of flight time in (A) diving and (B) gymnastics. The start of flight time is denoted by the circle, while the end of flight time is

Pike position

N
Tight and rigid somersaultmg phase

FIGURE 2 | A straight line passing through the hip and knee joints of the

athletes was drawn in indicate the orientation of the athlete in the beginning
and end of the tight and rigid somersaulting phase.

C@%

Tuck position

or pike position and started to extend the body, the tight and
rigid body was no longer assumed. Among all back somersaulting
videos retrieved for analysis, the tight and rigid body position was
commonly seen during or slightly after the completion of the first
360° rotation. A straight line passing through the athlete’s hip
and knee joints were drawn to represent the orientation of the
athlete in first and last frame of the tight and rigid shape duration
(Figure 2). Based on these two lines, the total degree of rotation
that the athlete performed were measured using the angle tool in
the Kinovea software.

The average angular speed was calculated as the total degrees
of rotation divided by the time in which the athlete held a tight
and rigid body position. In some tumbling videos, the cameras
were not placed perpendicular to the movement plane, and
hence measuring angles from these camera views would lead to
prospective errors. To overcome this limitation, we determined
the time required for the athlete to complete either 0.5, 1.0, or
1.5 somersaults in a tight and rigid body position. We then use
the known degrees of rotation of 180°, 360°, or 540° in the
computation of angular speed to avoid the perspective errors
associated with camera position.

Video analyses were performed by two raters under the
guidance of the senior author who has a Ph.D. in sports
biomechanics and competitive background in springboard
diving. All gymnastics videos were analyzed by rater 1 who
has a bachelor’s degree in sports science and 10 years of
competitive background in artistic gymnastics. All diving videos
were processed by rater 2 who has a bachelor’s degree in sports
science, 4 years of competitive background in artistic gymnastics,
and 1 year of competitive background in cheerleading.

Statistical Analysis

A total of 206 videos (105 diving and 101 gymnastics) were
retrieved, including 150 in tuck and 56 in pike positions
(Figure 3). The athletes took off from their feet in most
moves (75 diving and 95 gymnastics), with 30 armstand dives
and 6 dismounts from apparatus. All divers entered the water
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FIGURE 3 | Number of tuck and pike multiple (3.0 or 3.5) back somersault
moves in competitive diving (n = 105) and gymnastics (n = 101) videos
retrieved in years 2016-2021 (total = 206 video).

with their hands first while all gymnasts landed the triple
somersaults on their feet.

All gymnastics triple somersaults were performed by male
gymnasts and hence no female data were available. In diving,
there were only four female divers performing backward 3.5
somersaults from the 10-m platform. Since the flight time (1.40-
1.74 s) and angular speed (831°/s to 1169°/s) of these four female
divers fell within the range of those in their male counterparts
(flight time: 1.39-1.80 s; angle speed: 818°/s to 1,200°/s), all
divers’ data were analyzed as a group regardless of sex.

To check the inter-rater reliability, rater 1 and rater 2
independently analyzed a sub-sample of 34 videos (17 diving
and 17 gymnastics). The intraclass correlation coefficients (ICC)
of average angular speed and flight time was calculated using
IBM SPSS Statistics for Windows (Version 27.0. Armonk, NY,
United States: IBM Corp.). Subsequently, the standard error of
measurements (SEM) of each variable were computed.

For the main dataset, JASP (version 0.14.1) was used for
statistical analysis with significance level set at p < 0.05. The
two outcome variables were angular speed and flight time. As
the data were not normally distributed, descriptive data are
expressed as median [interquartile range (IQR)]. Data were log
transformed prior to running Analysis of Variance (ANOVA).
First, a One-way Analysis of Variance (ANOVA) was performed
to detect differences across all diving and gymnastics events. In
addition, two-way ANOVA was used to compare between sports
(diving/gymnastics) and body position (tuck/pike). Effect size
was calculated as partial eta-squared (n?,). Post hoc tests with
Bonferroni adjustments were performed where appropriate. To
examine the relationship between angular speed and flight time,
Spearman rho’s correlation analysis was performed.

RESULTS

The inter-rater reliability between rater 1 and rater 2 were
excellent for flight time (ICC = 0.994, SEM = 0.02 s) and good
for angular speed (ICC = 0.788, SEM = 54°/s). Typical tight and

rigid body positions during the somersaulting phase of divers
and gymnasts are illustrated in Figure 4. In general, divers hold
a tighter shape than gymnasts especially in the pike position.
There were significant differences in angular speed (p < 0.001,
n?p = 0.213) and flight time (p < 0.001, n?, = 0.928) among the
different events in diving and gymnastics (Table 1). The 3.5 back
somersaults in 3-m springboard diving were the fastest, while the
triple back somersaults in double mini-tramp was the slowest.
Flight time was the longest in 3.5 backward somersaults from the
10-m platform and the shortest when dismounting from rings.

When comparing between sports, ANOVA results revealed
that divers had longer flight time (p < 0.001, n?, = 0.569) and
were somersaulting faster than gymnasts (p = 0.021, 1%, = 0.026,
Table 2). While the flight time did not differ between body
positions (p = 0.627), the angular speed was higher in tuck than
pike somersaults (p < 0.001, 1, = 0.214, Table 2). No significant
interaction effect between sport and body shape was found in
angular speed or flight time variables.

Regarding the relationship between angular speed and flight
time, there was a significant negative correlation in gymnastics
(rho = —0.533, p < 0.001) but not in diving (rho = —0.016,
p = 0.873). The shorter the flight time available, the faster the
gymnasts’ angular speed in order to complete required degrees
of rotation (Figure 5).

DISCUSSION

Using acrobatic sports as an example, this study illustrated
how movement analysis can be performed using publicly
available videos and free software to offer insights into high
performance sports. The findings showed that the biomechanical
characteristics of multiple back somersaults differed among
various diving and gymnastics events despite the numbers of
rotation were similar. The source videos were real performance
of elite athletes at high-level competitions, providing greater
ecological validity over analyzing training videos (Sayyah et al,,
2018, 2020; King et al., 2022) or laboratory biomechanical tests
(Mkaouer et al., 2013; Mizutori et al., 2021; Fujihara, 2022).
While the videos were recorded with different camera settings
and of varied qualities, the proposed data analysis approach
yields good to excellent inter-rater reliability when measuring
average angular velocity and flight time of acrobatic moves. We
demonstrate that it is possible to make good use of readily
available information such YouTube videos to enhance our
understanding of sport movements at low cost. Although we used
acrobatic sports as a case to illustrate the method, the potential
applications of video-based analysis are certainly not limited
to diving and gymnastics. In surfing, for example, time-motion
analysis from videos have also been shown to reveal the timing
of various activity that are deem useful for the development of
tailored condition training programs (Minghelli et al., 2019).

Comparison Across Diving and

Gymnastics Events
The present study found significant differences in angular speed
and flight time across eight events in competitive diving and
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Diving
10-m Platform 10-m Platform 3-m Springboard
(Pike) (Tuck) (Tuck)
Gymnastics
Floor Tumbling Rings High Bar Double Mini-
(Tuck) (Tuck) (Tuck) (Tuck) Tramp (Tuck)
Flgor Tumbling High Bar Double Mini-
(Pike) (Pike) (Pike) Tramp (Pike)
FIGURE 4 | lllustration of typical tuck and pike positions of divers and gymnastics during the tight and rigid somersaulting phase of 3.0 or 3.5 back somersaults at
high-level competitions.

gymnastics. The range of angular speeds (median 900°/s to
1,122°/s) observed from our video analysis were similar to those
quantified using inertial measurement units for forward 3.5 piked
somersaults (855°/s to 904°/s) and forward 4.5 tuck somersaults
(1,090°/s) in 3-m springboard diving (Walker et al., 2019). The
observed differences in biomechanical characteristics can be
explained by the varied approach speeds, compliance and height
of the take-off and landing surfaces. For example, tumblers and
artistic gymnasts have long run-up to build up momentum for
their somersaults (Mkaouer et al., 2013) where divers perform
backward and armstand dives from a stationary start (Hamill
et al., 1986; Cheng and Hubbard, 2008). Platform divers have
10-m distance to travel before entering the water while 3-m
springboard divers can take advantage of the springboard to
increase flight time (Sanders and Wilson, 1988; Miller et al.,
1989).

It was observed that divers rotated faster than gymnasts when
performing multiple back somersaults of similar numbers of

rotation. With the 3.5 back somersaults in 3-m springboard
diving being the fastest move (1,122 [85]°/s), it is not surprising
that only four male divers performed this move at high-level
competitions. While four female divers chose to perform 3.5
back somersault from the 10-m platform, females are yet to
master this dive on the 3-m springboard. Previous studies
on springboard diving observed that males achieved greater
heights than females (Miller et al., 1989; Sanders and Gibson,
2003). When performing 2.5 backward somersaulting dives,
females were suggested to increase the amount of work done on
the springboard to generate sufficient dive height and angular
momentum (Sanders and Gibson, 2003).

The 3.5 back somersaults back somersaults from the 10-m
platform was the second fastest move (987 [987, 106]°/s) and had
the longest flight time (1.70 [0.06]°/s) among all events. This was
the only event in which female athletes were able to perform 3.5
backward somersaults at high-level competitions. Starting from a
stationary position with no run-up, platform divers must take off
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TABLE 1 | Angular speed and flight time of multiple back somersaults in diving and gymnastics events.

Variables Events Number of Median [IQR] ANOVA Post hoc
Somersaults
P TI2p
Angular speed (°/s) D¢  Diving: 3-m Springboard 3.5 1,122 [85] <0.001 0.213 Dy > D3, Gz, G4, G5
Do, Diving: 10-m Platform (Backward Group) 3.5 987 [106] Do > Gs
Gy  Gymnastics: Rings 3.0 983 [45]
Dz Diving: 10-m Platform (Armstand Group) 3.0 977 [132] D3 > Gs
Go  Gymnastics: Floor 3.0 973 [300] Go > Gs
Gz Gymnastics: Tumbling 3.0 973 [62] Gz > Gs
G4  Gymnastics: High Bar 3.0 908 [23]
Gs  Gymnastics: Double mini-Trampoline 3.0 900 [63]
Flight time (s) Dy  Diving: 3-m Springboard 3.5 1.47[0.02] <0.001 0.928 Dy > Dy > Gy, Go, Gg
D,  Diving: 10-m Platform (Backward Group) 3.5 1.70[0.06] Do > all other 7 events
Gy  Gymnastics: Rings 3.0 1.10 [0.04] Gy < all other 7 events
D3 Diving: 10-m Platform (Armstand Group) 3.0 1.40[0.07] D3 > Gy, G, Gs
Gy  Gymnastics: Floor 3.0 1.26 [0.04] D1, Do, D3, G3, G4, Gs > Gy > Gy
Gz Gymnastics: Tumbling 3.0 1.30 [0.04] D1, Dg, D3, Gs > Gg > Gy, Go
G4  Gymnastics: High Bar 3.0 1.34 [0.06] Do > G4 > Gy, Go
Gs  Gymnastics: Double Mini-Trampoline 3.0 1.47 [0.09] Do > Gs > Gy, Go, G3

Event orders are arranged from the fastest to the slowest based on median angular speeds for diving (D1 > Do > D3) and gymnastics (G > G2 = Gg > G4 > Gs). Data
are reported as median [interquartile range]. Raw data were log transformed prior to running ANOVA.

TABLE 2 | Comparison of angular speed and flight time by sports (diving/gymnastics) and body positions (tuck/pike).

Variables Body position Diving Gymnastics ANOVA
Sports Body positions Interaction
P Ll 2p P Ll 2p P n 2p
Angular speed (°/s) Tuck 1019 [107] 973 [100] 0.021 0.026 <0.001 0.214 0.080 0.015
Pike 916 [92] 900 [87]
Flight time (s) Tuck 1.67 [0.26] 1.30 [0.09] <0.001 0.569 0.627 0.001 0.159 0.010
Pike 1.66 [0.26] 1.34[0.13]

Data are reported as median [interquartile range]. Raw data were log transformed prior to running ANOVA.

Diving Gymnastics

Angular Speed (°/s) Angular Speed (°/s)
1400 1400
1300 rho=-0.016, p = 0.873 1300 rho =-0.533, p < 0.001
1200 1200 #Pike
1100 1100 BTk
1000 1000

900 900

800 800

700 700

600 T : ) 600 T T T T )

1.3 1.5 1.7 1.9 0.8 1 1.2 1.4 1.6 1.8
Flight time (s) Flight time (s)
FIGURE 5 | Spearman’s correlations between angular speed and flight time for multiple back 3.0 or 3.5 somersaults in diving and gymnastics.
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powerfully to generate sufficient height and angular momentum
for rotation (Sanders and Wilson, 1988). The 10 m free-falling
distance from the platform to the water provides the advantage of
long flight time even if the athletes do not generate a high vertical
velocity at take-off. Interestingly, even without a powerful take-
off from the legs, the flight time of the armstand 3.0 somersaults
(1.44 [1.42, 1.46]°/s) was comparable to other events such as 3-
m springboard (1.48 [1.43, 1.53]°/s) and double-mini trampoline
(1.47 [1.44, 1.50]°/s). The advantage of having a long flight time
resulted in many divers being able to perform highly difficult
moves from the 10-m platform.

In gymnastics, the triple back somersaults dismount from
rings was the fastest move (983 [45]°/s) and only three male
gymnasts managed to perform this difficult move. In the
literature, there are very few detailed biomechanical studies on
triple back somersaults in gymnastics. One case study on the
double back somersaults in women’s artistic gymnastics floor
routine reported a range of flight heights of the center of mass
from 1.85 to 2.06 m across a few competitions (Vladimir et al,,
2015). The author did not examine the flight time or angular
speed during the somersaulting phase and hence no direct
comparison could be made. In the current study, the flight time
for the triple back somersault on floor was rather short (1.26
[0.04]s, the second shortest among all events). As a result, the
gymnasts must rotate at a high angular speed in order to complete
the required number of rotations before extending the body to
land safely on their feet. Gymnasts build momentum from the
run-up, round-off and back handspring(s) before taking off to
perform the triple back somersaults. It is postulated that the full
tumbling sequence in floor routines contributed to generating
sufficient angular momentum required to complete the difficult
move of triple back somersaults despite the short flight time.

Why Do Divers Rotate Faster Than

Gymnasts?

With the exception of rings dismount, the multiple back
somersaults in diving events required faster angular speeds than
all other gymnastics events (Table 1). As illustrated in Figure 3,
divers tend to hold a tighter shape during the somersaulting
phase. Holding a tight body position while somersaulting require
muscular efforts from the arms, torso, and legs (Gronbech, 1993;
Miller and Sprigings, 2001; Kong, 2010; Mikl, 2018). Mikl (2018)
used an 11-segment model to calculate the joint forces and
moments required to maintain a tuck and pike shape while
somersaulting. For both body positions, it was found that the
greatest joint moments are at the hip, followed by the pelvis-
abdomen segment. The author discussed that isometric strength
at various joints may play a role in limiting the diver or gymnast’s
ability to hold a rigid body shape while somersaulting. In addition
to strength, the flexibility of the athletes can also determine
whether one can form a tight shape, especially for the pike
position. Gymnastics is a sport that is generally characterized
by high levels of strength and power relative to body weight, as
well as high flexibility (Donti et al., 2014), especially for male
artistic gymnasts who are required to perform strength elements
in various events (Jemni et al., 2006; Mkaouer et al., 2018). It

is unlikely that gymnasts are limited by their isometric strength
or poor flexibility to form tighter tuck and pike shapes during
the somersaults.

One possible reason for why gymnasts do not hold a tighter
shape to rotate faster may be related to the margin of error
for landing. In diving, if a diver makes a mistake in the timing
of come-out from the tight somersaulting shape, he/she cannot
enter the water in a desirable near-vertical position. While a
poor dive entry may lead to a low performance score and
sometimes physical pain or bruising, the chance of severe injuries
is low when entering the water. In gymnastics, the margin
of error for landing is very narrow (Hiley and Yeadon, 2003,
2005). A poor landing resulting from mis-judging the timing of
extending the body from a tight somersault position may lead
to severe injuries or even fatal consequences. Thus, gymnasts
may be more cautious toward pushing for the limit in their
somersaulting speed. Vision may also play a role (Natrup et al.,
2020, 2021; Barreto et al., 2021) as it is difficult to spot for
landing when the athlete is rotating in a deeply closed pike
position. During a back tuck somersault on a trampoline, the
gymnasts gaze behavior depended on their position in the
bed (Natrup et al., 2020). Kicking-out from a somersault early
allows gymnasts to orient themselves to prepare for landing.
A final point to note is that there is no advantage in the
performance score for holding a very tight shape. According
to gymnastics code of points for gymnastics, there will be no
deduction as long the hip angle is less than 90° for the pike
position. It is therefore not surprising to note that the typical
pike position across all gymnastics events were much more
open than that in 10-m platform diving (Figure 3). Within
the requirements in code of points, gymnasts can regulate the
tightness of the shape and not necessarily tucking or piking
to the maximum extent. Holding a not-too-tight shape would
mean that the gymnasts rotate at a slower angular speed,
allowing a larger window of error to open their body and land
safely on their feet.

Tuck Versus Pike Positions

To maintain a tight body position while somersaulting at fast
speeds, muscular efforts from the arms, torso and legs are
required to provide the necessary centripetal force (Gronbech,
1993; Miller and Sprigings, 2001; Kong, 2010; Mikl, 2018).
Differences are noted in the way how divers and gymnast hold
a tuck or pike shape while somersaulting and the joint moments
required to hold the shape are influenced by the location and
direction of how the arms pulling on the leg (Mikl, 2018).
Since the angular momentum of the athlete in the flight phase
is constant due to no external torque, the tightness of the
body shape can substantially influence the rotational speed. The
present study showed that somersaulting in a tuck shape was
faster than that in a pike shape in which the athlete’s legs are
extended and further away from the center of mass. This increases
the moment of inertia about the transverse axis, making it more
difficult to somersault (Mikl, 2018). Interesting, flight time was
similar regardless of the body position during somersaulting.
This reflects that athletes who were able to perform the same
number of somersaults in a pike shape did not compromise the
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height of move, compared with those who chose to somersault
in the easier tuck shape. These results align with previous data
on female divers which showed similar dive height (mean value,
pike: 0.82 m, tuck: 0.81 m) and flight time (pike: 1.29 s, tuck:
1.29 s) regardless of body positions when performing backward
2.5 somersaults from a 3-m springboard (Sanders and Gibson,
2003). When divers and gymnasts progress from tuck to pike
somersaulting moves, they should aim to maintain the same jump
height and expect a slower rotating speed.

Relationship Between Angular Speed
and Flight Time

Among all gymnastics events, shorter the flight time was
significantly correlated with faster angular speed. The shorter
the flight time available, the faster the gymnasts must rotate
to complete required degree of rotation. When taking off from
a compliant surface — double mini-trampoline, the gymnasts
gained the longest flight time and therefore could rotate more
slowly when compared with the other gymnastics events. In
diving, however, there was no significant relationship between
angular speed and flight time. The lack of relationship may be
due to the narrow range of flight time data in diving when
compared with gymnastics (Figure 5). Only four dives were
performed from the 3-m springboard and the other 101 dives
were from 10-m platform in which the flight time was rather
similar due to the long free-falling distance. From the same
10-m platform, divers performed 0.5 less somersault in the
armstand group than the backward group. Despite significant less
flight time in the armstand 3.0 somersaults (1.40 [0.07]s) than
backward 3.5 somersaults (1.70 [0.06]s), the somersaulting speed
were similar in these two dive groups (armstand: 977 [132]°/s;
backward: 987 [106]°/s). Thus, when combing all diving moves
as a group, the relationship between angular speed and flight
time was unclear.

Transferability of Acrobatic Sports Skills

Diving coaches and athletes should be aware the high
somersaulting speeds required to perform multiple back
somersaults from the 3-m springboard. If a diver can perform 3.5
back somersaults from 10-m platform, he/she may not be able to
execute the same move on 3-m springboard. Similarly, gymnasts
can compete in different events and should be aware of the
different rotational requirements. A gymnast who can dismount
with a triple back somersault from the high bars may not be able
to do so from the rings which require a faster angular speed. As
different disciplines of acrobatic sports share common techniques
and training approaches, some athletes may crossover from
one sport to another. There are examples of retired gymnasts
who pick up diving and continue to compete after. While we
can reasonably expect high transferability of similar acrobatic
skills, one previous study has showed that the kinematics of
divers performing somersaulting moves differed between dry-
land training and actual on-water diving (Barris et al., 2013).
Thus, it is important to acknowledge the subtle biomechanical
differences between similar acrobatic moves which can be critical
at high performance level.

Limitations

There are a few limitations to the present study. First, the
kinematic analysis was done on publicly available YouTube
videos that were screen recorded at 30 Hz. Some videos
were not filmed with fast shutter speeds and hence the
extracted images were blurry at times. While higher quality
videos recorded at higher sampling rate will allow more
accurate kinematic analysis, access to data collection at
high level competitions are often restricted. The kinematic
video analysis in the present study was performed in a
consistent manner and the inter-rater reliability was good to
excellent. It is believed that the data obtained could provide
sufficiently accurate and reliable information and allow a fair
comparison across different acrobatic sports events. Second, the
present study observed that divers in general hold a tighter
shape than gymnasts and the typical body positions were
illustrated in Figure 4. However, we were unable quantify the
moments of inertia of the athletes owing to the limitation
of video analysis.

CONCLUSION

This study demonstrated how movement analysis of elite sport
performance can be done via analysis of publicly available
videos using free software without the need of specialized
laboratory, equipment or software. In the case of acrobatic
sports, findings from this study showed that the biomechanical
variable multiple back somersaults differed among various diving
and gymnastics moves that appeared similar in the numbers
of rotation. In general, divers rotated faster than gymnasts and
that somersaulting in a tuck position has higher angular speed
that the pike position. Gymnasts tended to hold a less tight
shape than divers, possibly because a slower somersaulting speed
allows larger margin of error in the timing of opening up
for safe landing. Coaches can consider applying the proposed
method to monitor the athletes’ performance and to identify
errors. For example, if a gymnast struggles to complete a move,
is it due to insufficient flight time or slow angular speed?
The kinematics measurements can also be used to guide the
transition plan across different apparatus (e.g., dismount from
high bar and rings) and categories (e.g., 10-m platform to 3-
m springboard). In conclusion, the present study highlights
the potential of using readily available information and open-
source freeware to generate scientific data for sports applications.
Such data analysis approach can accommodate a wide range
of video qualities, is easily accessible, and not restricted by
situations such as social distancing, quarantine, lockdown or
other restrictive measures.
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