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Abstract: Performance on vault in artistic gymnastics depends on the difficulty and the execution
quality of the performed vault. However, differences of kinetic energy between simple and difficult
vaults remain elusive. Therefore, in this study, 48 Tsukahara and Yurchenko vaults, performed by
20 top-level gymnasts, were recorded with 3D-motion capture and the flux of translational (TKE),
angular kinetic (AKE), potential (PE), and total energy were calculated and compared. Results
revealed that upon initial springboard contact, almost all of the kinetic energy for Tsukahara vaults is
comprised of TKE, whereas Yurchenko vaults were characterized by substantially less TKE, but far
greater AKE (and similar PE). During springboard contact of Tsukahara vaults, AKE is increased
(+70%) and thereafter mostly preserved during push off from the table (−6%). For Yurchenko vaults,
AKE is preserved during springboard contact but reduced (−30%) in exchange for PE at push off.
During the second flight phase of Yurchenko vaults, total energy was 10% higher than at initial
springboard contact (Tsukahara: −1%). For vaults of increasing difficulty, 5.9% more AKE is needed
for each additional 180◦ of longitudinal-axis rotation. This knowledge may help coaches evaluate
athletes’ potential and focus training on appropriate physical and/or technical aspects of the vault
performance.

Tsukahara and Yurchenko Vaults.
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On vault in artistic gymnastics, the final score is calculated as the sum of the difficulty
score (D-score) and the execution score (E-score) [1]. Therefore, in addition to a clean
execution, gymnasts must perform vaults of sufficient difficulty in order to attain a top
ranking in competitions. Higher D-scores are mainly associated with changes in body
position (tucked, piked, and layout) or an increased number of rotations around the
longitudinal or transverse axis during the second flight phase [2]. These factors generally
involve greater flight time and specifically greater translational and/or rotational energy
during the second flight phase.
Although the three most common vault styles, handspring, Tsukahara (handspring
with 1/4 or 1/2 turn in the first flight phase), and Yurchenko (round-off entry vaults (with 1/2
turn) in the first flight phase) (Figure 1), have different technical and physical requirements,
there is consensus that the run-up is the most important phase in order to generate the
necessary energy on vault [3–7]. A high run up speed is strongly related to physical
preconditions (20 m sprint speed, and explosive and reactive strength) [8] and therefore,
besides training, genetics may play also a noteworthy role for the performance on vault [9].
However, this energy needs to be transformed during take-off from the springboard
and push-off from the table into optimal amounts of rotational (angular momentum),
potential (time of flight), and translational energy needed for the intended saltos and twists
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during the second flight phase. These amounts remain elusive. Although the vault is
the most researched event of gymnastics [10], only one study reported transformations
of energy (i.e., flux of energy) over the course of a vault [11]. Moreover, to the best of
our knowledge, differences in energy parameters between simple and difficult vaults
have never been investigated. However, such knowledge would help coaches assess the
Appl. Sci. 2021, 11, x FOR PEER REVIEW
2 of 17
athletes’ potential and to ensure their safety as they increase vault difficulty (i.e., number
of rotations).
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of rotations).
2.1. Participants
Thus, the first aim of this study was to describe and compare the flux of energy
Twenty international and national male elite and junior gymnasts (age: 18.3 ± 2.2 y;
(translational, rotational, potential, and total energy) of different Tsukahara and
height: 167.6 ± 4.9 cm; body mass: 61.3 ± 5.5 kg) volunteered to participate. Elite athletes
Yurchenko style vaults. The second aim was to compare energy flux between simple and
followed a professional training regime in the national training center, whereas junior
difficult Yurchenko and Tsukahara style vaults.
athletes trained semi-professionally at different regional training centers. All participating
Therefore, we first hypothesized that for Yurchenko vaults, a substantial amount of
athletes were members of the elite or junior national team. Prior to the measurements,
total energy is generated with the preliminary round-off and second that the necessary
athletes were informed of the benefits and risks of their participation and informed consent
amount of additional angular kinetic energy in order to perform a more difficult vault
was obtained from all subjects involved in the study. The study was conducted according
(+180° of rotation around longitudinal axis) is (almost) negligible.
to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of
Bern, Switzerland (Project-ID: 2016-01970, 16 January 2017).
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2.2. Procedures
After a 15-minute individual warm up, each gymnast completed at least four
consecutive vaults in a timespan of approximately 15 minutes. Athletes had a maximum
of two attempts per vault. In total, 92 vaults were performed in eight half-day sessions of
data collection. For each gymnast, a maximum of four different vaults per vaulting style
were analysed (only the vault with the better execution based on an E-score, judged by an
expert). Included in the evaluations were 20 Yurchenko (layout: n = 5; 360°: n = 4; 720°: n
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Table 1. Number of the different vaults performed by international (int) and national (n) elite and
junior athletes in this study vaults (◦ : degrees of rotation around longitudinal axis during the second
flight phase).
Athlete.

Level

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Junior n
Junior n
Junior int
Junior int
Junior n
Junior n
Junior int
Junior int
Junior int
Junior int
Junior n
Junior int
Junior int
Elite int
Elite n
Elite n
Elite int
Elite int
Elite int
Elite int
Total

Yurchenko Layout
0◦

360◦

x

x

x

x

Tsukahara Layout

720◦

900◦

0◦

360◦

720◦

x
x

x

x

x
x

x
x

x
x

x
x

x
x

x

x
x

x
x

x

x
x
x

900◦

x

x

x

x

x
x
x
x

x
x

x
x

x

x

x

x

5

4

7

4

5

x

x
x

x
x

11

10

2

All vaults were captured by 14 Vicon Vantage V5 Cameras (Vicon Motion System,
Denver, CO, USA) operating at 120 Hz. Eight cameras were placed at a height of 5.50 m and
six were installed at 1.70 m (Figure 2). A measurement volume of 2 m × 3.5 m × 7 m was
calibrated with a measurement error of maximally 2 mm. Thirty-nine reflective markers
were attached (with double-sided adhesive tape) to the gymnasts’ body, according to
Vicon Plug-in Gait full-body model (Vicon, 2010) (Figure 3). Two markers were added
on gymnasts’ back in order to help fill gaps in the trajectories of the original Plug-in-Gait
markers. In order to calculate the Plug-in-Gait-Model, the following measurements had to
be realised:

•
•
•
•
•
•
•
•
•

body mass;
height;
length of legs (distance from superior iliac spine to lateral malleolus;
width of ankles (distance from lateral to medial malleolus;
width of knee at the level of joint gap;
width of elbows (distance from lateral to medial epicondyle);
width of wrists (distance from radial to ulnar styloid process);
thickness of hands in the area of metacarpal bones;
vertical distance between centre of rotation of the shoulder joint and acromion.
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Figure 2. Arrangement of the 14 Vicon Vantage Cameras (C1 to C14) for 3-dimensional motion capture of vaults.

Energy
Calculations
Figure 2. Arrangement of the 142.3.
Vicon
Vantage
Cameras (C1 to C14) for 3-dimensional motion capture of vaults.
Segments and Segment Properties
After labelling and filling gaps in trajectories with the built-in options (rigid body,
kinematic, or pattern fill), marker trajectories were smoothed using a Woltring quanticspline routine with a mean square error (MSE) of 5 mm2 . Next, the built-in Process Dynamic
Plug-in Gait Model operation was executed within Nexus. Plug-in Gait processing (PIGP)
creates a three-axis system for each body segment and modelled markers at joint centres
and segment centres of mass, as well as a virtual marker at the body’s centre of mass (CoM).
As PIGP does not create a three-axis system for the body’s CoM, CoM axes were created
manually as a parallel-shifted copy of the thorax segment’s axes.
Segment lengths were calculated as follows (italicized terms designate markers or
modelled markers from the plug-in gait model):

•
•
•

•
•

Head: mid forehead (mean of ‘RFHD’ and ‘LFHD’) to ‘C7’;
Thorax: ‘PelvisCoM’ to ‘C7’;
Pelvis: ‘PelvisO’ (origin of pelvis coordinate system, approximately the lower edge of
the pelvis in the sagittal plane) to ‘PelvisCoM’ (approximately the upper edge of the
pelvis in the sagittal plane);
L/R Humerus: shoulder joint centre to elbow joint centre;
L/R Radius: elbow joint centre to wrist joint centre;
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•
•
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•

L/R Hand: wrist joint centre to hand coordinate system origin (approximately the
most distal point of the fingers);
L/R Femur: hip joint centre to knee joint centre;
L/R Tibia: knee joint centre to ankle joint centre;
L/R Foot: ankle joint centre to foot coordinate system origin (approximately the distal
end of the 5th metatarsal).
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Figure 3. Positioning of the reflective markers used for 3-dimensional motion capture analysis according to the Vicon

FigurePlug-In
3. Positioning
the reflective
markers used for 3-dimensional motion capture analysis according to the Vicon
Gate modelof(Vicon,
2010).
Plug-In Gate model (Vicon, 2010).
Segment lengths were calculated as described above for each frame separately. However,
for further
calculations, the median of all valid frames (i.e., those where PIGP was
2.3. Energy
Calculations
possible) was taken and assumed to be the constant for a given segment.
Segments
and Segment
Properties
Segment
masses and
radii of gyration were determined by assuming these to be a
given
percent
of totaland
body
mass gaps
or segment
length, respectively,
to the plugAfter
labelling
filling
in trajectories
with the according
built-in options
(rigid bod
in-gait reference guide [12]. Each segment was considered to be a cylinder; therefore,
kinematic, or pattern fill), marker trajectories were smoothed using a Woltring quant
these radii of gyration were assumed to apply for rotation about
segments’ transverse and
spline
routine with a mean square error (MSE) of 5 mm2. Next, the built-in Process Dynam
sagittal axes, whereas for rotation about its longitudinal axis, an estimate of the segment’s
Plug-in
Gait radius
Model was
operation
was executed
within Nexus.
Plug-in
Gait processing
cylindrical
made (Appendix
A). Thereafter,
using these
parameters,
classical (PIG

creates a three-axis system for each body segment and modelled markers at joint centr
and segment centres of mass, as well as a virtual marker at the body’s centre of ma
(CoM). As PIGP does not create a three-axis system for the body’s CoM, CoM axes we
created manually as a parallel-shifted copy of the thorax segment’s axes.
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physics, and the approaches of Kwon et al. [13], Wittenburg [14], Schüler et al. [15], and
Peraire and Widnall [16], the total energy, translational kinetic energy (TKE), potential
energy (PE), and angular kinetic energy (AKE) were calculated. Further details to these
calculations are presented in Appendix B.
2.4. Statistical Analysis
Energy values for the different Tsukahara and Yurchenko vaults (layout, 360◦ , 720◦ ,
and 900◦ ) were normalized to body weight and averaged for each phase of the vault (board
contact; 1st flight phase; vault contact; and 2nd flight phase). Further, energy parameters
of the first two frames of each phase of each vault were averaged in order to compare
simple and difficult vaults. Shapiro–Wilk tests revealed that the data were not normally
distributed. Thus, first, the flux of different energy forms was averaged and analysed
separately for all Tsukahara and Yurchenko vaults. Second, the differences in energy
parameters between simple and difficult Tsukahara and Yurchenko style vaults (layout;
360◦ ; 720◦ ; and 900◦ ) as well as differences between Tsukahara and Yurchenko vaults with
the same second flight phase were calculated using Mann–Whitney-U-Tests. p-Values were
adjusted using the Bonferroni–Holm correction [17]. Further, effect sizes were calculated
√
(r = Z/ N) according to Fritz et al. [18] and rated according to Cohen [19] (small: ≥0.1;
medium: ≥0.3; and large: ≥0.5). The level of statistical significance was set to p < 0.05.
Statistical analysis were executed with SPSS 22 software (SPSS, Inc., Chicago, IL, USA).
3. Results
3.1. Energy Transformation of Tsukahara and Yurchenko Vaults
Upon springboard contact, considering all Tsukahara vaults, TKE comprised 72% of
total energy on average (Figure 4). During board contact, both total energy (−2%) and TKE
(−26%) diminished whereas, AKE (+70%) and PE (+23%) increased. During table contact,
total energy (−6%), TKE (−58%), and AKE (−6%) decreased, but PE increased (+38%).
After push-off from the vault (during the second flight phase), total energy continued to
increase by 9%, achieving a maximal value during the second flight phase within 1% of
that at the initial springboard contact. This increase in total energy corresponded with 33%
and 13% increases in AKE and PE, respectively.
Upon springboard contact, considering all Yurchenko vaults, average total energy
consisted of 49% TKE, 27% PE, and 25% AKE (Figure 5). During the springboard contact
phase, total energy and PE increased by 8% and 29%, respectively, whereas TKE (−0.3%)
and AKE (−4%) remained similar. During the table contact phase, total energy (−7%), TKE
(−46%), and AKE (−30%) diminished, whereas PE increased by 27%. During the second
flight phase, total energy increased by 9%, attaining a maximal value 10% higher than that
at initial springboard contact. Further, AKE and PE during the second flight phase were
31% and 15% higher, respectively, than at push off from the table.
Comparison of Yurchenko and Tsukahara vaults revealed that total energy at initial
springboard contact is 7% lower for Yurchenko vaults than for Tsukahara vaults on average
(p = 0.16, r = 0.48). However, total energy levels in all other phases of the vault were higher
for Yurchenko vaults (mean differences of 4–5%; p: from 0.12 (landing) to 0.005 (table
on); r: from 0.37 (landing) to 0.52 (table on)). Additionally, we found higher TKE during
springboard contact and the first flight phase (+15% to +37%; p: from 0.001 (board on) to
0.0001 (board off and table on); r: from 0.67 (table on) to 0.85 (board on)) but lower PE
(−3% to −17%; p: from 0.25 (board on) to 0.0001 (table on); r: from 0.41 (board on) to 0.84
(table on)) and AKE (−6% to −82%; p: from 0.87 (landing) to 0.0001 (board off and table
on); r: from 0.02 (landing) to 0.85 (board off and table on)) during all phases for Tsukahara
vaults compared to Yurchenko vaults.
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Upon initial springboard contact, difficult compared to simple Tsukahara and
Yurchenko vaults (layout vs. 900°) were performed with up to 12% (p = 0.44; r = 0.29) and
4% (p = 0.52; r = 0.20) greater TKE, respectively (Figure 6).
By the end of the springboard contact phase, there was significantly greater AKE for
difficult compared to simple Yurchenko vaults (+10% for layout vs. 900°; r = 0.74). This
difference was somewhat smaller between simple and difficult Tsukahara vaults (+8% for
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By the end of the springboard contact phase, there was significantly greater AKE for
difficult compared to simple Yurchenko vaults (+10% for layout vs. 900◦ ; r = 0.74). This
difference was somewhat smaller between simple and difficult Tsukahara vaults (+8% for
layout vs. 900◦ ; p = 0.64; r = 0.17).
At initial table contact, PE of difficult Tsukahara vaults was significantly lower than
for simple Tsukahara vaults (−6% for layout vs. 360◦ , r = 0.52; −7% for layout vs. 900◦ ,
r = 0.73). A similar (non-significant) difference was observed for Yurchenko vaults (−6%
for layout vs. 900◦ , p = 0.22, r = 41).
At table push off, we found significantly lower AKE for difficult Tsukahara and
Yurchenko vaults compared to simple vaults (Tsukahara layout 15% greater than Tsukahara
900◦ , r = 0.54; Yurchenko layout 11% greater than Yurchenko 900◦ , r = 0.65).
During the second flight phase, AKE was increasingly greater (+2.4%, +21.4%, and +28.8%
compared to layout) for increasingly difficult Yurchenko vaults (360◦ : p = 0.46, r = 0.24; 720◦ :
r = 0.77; 900◦ : r = 0.92). This was also the case for increasingly difficult Tsukahara vaults (+9.4%
for 360◦ (p = 0. 62, r = 0.47), +22.4% for 720◦ (r = 0.79), and +29.4% for 900◦ (p = 0.05; r = 0.73),
compared to layout). Further, a linear increase in AKE with increasing number of rotations
around longitudinal axis during the second flight phase was observed for both vault groups
(Spearman’s correlation coefficient: Yurchenko: r = 0.83; Tsukahara: r = 0.99). On average,
each additional half rotation (180◦ ) about the longitudinal axis during the second flight
phase required between 5.6% (Tsukahara) and 5.9% (Yurchenko) more AKE. Total energy
during the second flight phase was greater for difficult Tsukahara vaults compared to
simple ones (+6.0% for 720◦ compared to 360◦ , r = 0.49; +5.2% for 900◦ compared to 720◦ ,
p = 0.09, r = 0.49); the comparison was repeated for Yurchenko vaults (+4.2% for 720◦
compared to 360◦ : p = 0.06, r = 0.57; +2.8% for 900◦ compared to 720◦ : p = 0.26, r = 0.34).
Further, we observed a larger difference of total energy during second flight phase between
simple and difficult Tsukahara (layout vs. 900◦ : +12%, p = 0.53, r = 0.73) compared to
simple and difficult Yurchenko vaults (layout vs. 900◦ : +6%, p = 0.09, r = 0.57).
4. Discussion
This study provides new knowledge on the flux of energy by describing and comparing the flux of energy through its various forms during simple and difficult Yurchenko
and Tsukahara style vaults performed by male elite gymnasts. This specific topic has only
previously been examined for the old vaulting horse [11].
4.1. Energy Flux of Tsukahara and Yurchenko Vaults
Our results for Tsukahara vaults show that TKE makes up almost three quarters (72%)
of total energy at initial springboard contact, thus confirming previous investigations and
emphasizing importance of a high run-up velocity for performing difficult vaults. For
Yurchenko vaults, however, TKE at initial springboard contact is 37% lower on average,
comprising only about half (49%) of total energy. On the other hand, the characteristic
round-off in front of the springboard for Yurchenko vaults generates a substantial amount
of AKE (25% of total energy), which nonetheless enables gymnasts to perform vaults
of similar difficulty as with the Tsukahara style. It should be noted, however, that the
sufficient AKE is generated only by a technically correct round-off.
For Tsukahara vaults, total energy is more or less preserved (−2%) across the springboard contact phase. During this phase however, TKE decreases (−26%) as it is mainly
transformed into AKE (+70%) and PE (+23%). Consequently, it can be concluded that
gymnasts generate most of the AKE necessary to perform Tsukahara vaults during springboard contact. This is contrary to the findings of Krug, Knoll, Köthe, and Zocher [11], who
reported a large increase in AKE during the first flight phase.
In contrast to Tsukahara vaults, we found an increase (+8%) in total energy during
springboard contact for Yurchenko vaults. This can mainly be attributed to an increase
in PE (+27%), whereas TKE (−0.3%) and AKE (−4%) remain fairly stable. Our results
are in agreement with Penitente et al. [20], who observed a preservation of horizontal
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velocity and an increase in vertical velocity during jump off from the springboard of
Yurchenko vaults. Obviously, athletes generate sufficient TKE and AKE with the run-up
and round-off in front of the springboard so that translation and rotation must merely be
preserved across the springboard contact phase. Hence, the total energy increase during
springboard contact may be generated by an effective and powerful jump off. A powerful
springboard jump off is realized through a combination of the gymnast’s actions and
the interaction with the elastic properties of the board and can be better described as a
tension-shortening cycle instead of a stretch-shortening cycle. Nevertheless, a jump off
from a springboard is closely related to muscle stiffness, and most importantly a high level
of reactive strength [20–22], i.e., the ability to generate high ground reaction forces within a
short contact time. This relationship emphasizes the importance of physical conditioning
for performing difficult vaults.
Interestingly, during table contact, total energy decreases similarly for Tsukahara
(−6%) and Yurchenko vaults (−7%), even though the push off is executed in a completely
different position (Yurchenko: two-handed from a backwards handspring; Tsukahara:
mainly one-handed sideways from a round off). According to Knoll et al. [23], two-handed
push offs (forward handspring) may evoke 2.5 times greater push-off forces than Tsukahara
push-offs. Therefore, it seems feasible that either elastic or non-elastic properties of the
vaulting table, as well as locomotor properties of the upper body muscles and tendons [24]
inhibit a total energy conservation during table contact.
During table contact of Yurchenko vaults, AKE is drastically reduced (−30%). The
fact that this is achieved with a backwards handspring, and that athletes see the table
only shortly before push off, may emphasize the high technical and mental demands of
these vaults [3]. Additionally, this corresponds quite expectedly to the intention of the
preliminary round-off characterizing this vaulting style, namely, to generate a large amount
of AKE, which can subsequently be transformed into PE (height of flight), as was also
overserved in the current study. In this context, Knoll [25] observed reductions in angular
momentum at push off for Yurchenko vaults between 5% to 20%.
During table contact of Tsukahara vaults, we found only a slight reduction in AKE
(−6%). Therefore, height of flight is mostly generated by transforming TKE into PE,
whereas the AKE necessary for performing rotational elements during the second flight
phase of Tsukahara vaults must be completely generated during jump off from the board.
A strong heel strike at the end of the board contact phase in combination with a fast table
contact while maintaining the hyperextended body position, may allow the athletes to
create the optimal AKE at the jump off from the springboard. During table contact, performing Tsukahara vaults, athletes are required to maintain the AKE despite the conversion
of TKE into PE. This can be achieved with a strong push-off from the table with the front
support at the end of the table contact phase.
A possible consequence of greater height (and flight time) and more AKE is a better
preparation for and execution of the landing, which may benefit the E-score and thus
the final score [3,4,26]. In this context, we observed greater AKE (+6%) and PE (+5%)
during the second flight phase for Yurchenko vaults than for Tsukahara vaults. This was
despite similar gains in total energy (+9%) for both vault styles during the second flight
phase. This increase in total energy is due in particular to the muscular work, which is
necessary to perform the somersaults and twists during the second phase of flight. This
can be recognized by the fact that the energy increase is greater when more twists are
executed. Consequently, it is important that the athletes perform optimal muscle work
for the intended vault during the second flight phase. This can be achieved, for example,
by training the twisting technique on the trampoline. Further, total energy during the
second flight phase is within 1% of that at initial springboard contact for Tsukahara vaults,
indicating that total energy is merely preserved, while TKE from the run-up is transformed
into PE (i.e., height of flight) and rotation during the second flight phase. This may mean
that a technically poor execution of take-off and push off from the springboard and table
performing Tsukahara vaults can be somewhat compensated by a greater initial TKE (i.e.,
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run-up velocity). Nevertheless, the run-up speed cannot be increased at will. The athletes
must reach an individually optimal, and therefore controllable, speed, which allows them—
adapted to their physical conditions in the upper body, as well as their technical abilities
when pushing off the table—to effectively convert the energy from the run-up during the
board and table contact into height of flight and rotation. In contrast to Tsukahara vaults,
total energy during the second flight phase of Yurchenko vaults is 10% higher than at
initial springboard contact, indicating that an important increase in energy is generated (by
means of the round-off and back handspring) between run-up and take-off during such
vaults. Therefore, proper execution of these pre-take-off elements is crucial for generating
the energy necessary for successfully performing difficult Yurchenko vaults.
4.2. Energy Flux of Tsukahara and Yurchenko Vaults
At initial springboard contact, the difference in TKE between simple and difficult
Tsukahara vaults (+12%) is greater than between simple and difficult Yurchenko vaults
(+4%). This is not surprising and has been reported previously [3–5,7,11]. In order to
execute a proper and effective round-off in front of the springboard for Yurchenko vaults,
the musculo-tendinal properties of the upper extremities, rather than solely run-up velocity,
are a limiting factor [3]. Therefore, run-up velocity must sometimes be modulated to an
optimal level due to technical restrictions or poor visual targeting skills in order to hit the
board optimally [27].
During springboard contact of Yurchenko vaults, preserving a greater amount of
AKE seems to be a crucial factor for increasing vault difficulty (10% difference between
difficult and simple vaults in the current study). This finding is in line with that of Koh and
Jennings [28], who emphasized the importance of maintaining a high angular momentum
during springboard contact during Yurchenko vaults. For Tsukahara vaults, increasing
difficultly requires generating more AKE during springboard contact (8% more for difficult
compared to simple vaults in the current study). Combined with TKE, this additional AKE
represents the exploitable potential to maximize height of flight and rotation during the
second flight phase.
The table contact phase of difficult compared to simple Tsukahara and Yurchenko
vaults is characterized by up to 7% lower PE at first table contact a shorter table contact
time, and up to 15% lower AKE at push off. A fast first table contact (low PE) and a short
table contact time may be crucial prerequisites for optimally oriented force production,
necessary to generate an optimal counter-torque (i.e., reduction in angular momentum)
at push off [11], and therefore maximize the height of flight during the second flight
phase. Our data seem to confirm that, in order to perform a more difficult vault, a slightly
greater counter-torque must be generated. Nevertheless, as previously discussed, the
transformation of TKE may be more important for maximizing height of flight than the
transformation of AKE into PE. A greater height (and longer duration) of flight increases
the time in which to perform rotations around longitudinal and transversal axis (e.g., to
perform a more difficult vault). In line with these findings, previous studies observed that
it is crucial, in order to perform difficult vaults, that a maximum of horizontal velocity is
transformed into vertical velocity during table contact [4,29–32].
Most of the significant differences between simple and difficult vaults in the current
study were found for AKE during the second flight phase of Tsukahara and Yurchenko
vaults. As all vaults were performed with a layout somersault during the second flight
phase, the differences in AKE can be mostly attributed to the different number of rotations
around longitudinal axis. In this context, we show that performing 180◦ more of rotation
around longitudinal axis during the second flight phase requires between 5.6% and 5.9%
more of AKE. However, AKE accounts for only up to 22% of the total energy during the
second flight phase, whereas two thirds (67%) of total energy during the second flight phase
consists of PE. Therefore, the necessary amount of additional AKE, in order to perform
a more difficult vault, is (almost) negligible. Additionally, the requirements for PE and
TKE rise slightly with increasing difficulty of the vault. This may lead to the observed
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increase in total energy and to the surprisingly small difference between simple (layout)
and difficult (900◦ ) Tsukahara and Yurchenko vaults of 12% and 6%, respectively. Therefore,
coaches and athletes must be aware that, when increasing vault difficulty, regardless of
style, demands for several aspects increase slightly but simultaneously. Moreover, it can be
said that if an athlete is able to perform a simple vault perfectly, he would theoretically be
able to show a more difficult vault (e.g., add a half twist) with a similar amount of energy.
In order to be able to show the more difficult vault, therefore, technical and/or mental
progress, and not energy-related progress, is particularly necessary.
5. Conclusions
In conclusion, we report that, for Yurchenko vaults, a quarter of initial total energy
consists of AKE, which is generated with the preliminary round off in front of the springboard. To perform the most difficult Yurchenko vaults, additional energy must be generated
during jump off from the springboard, which may depend on physical conditional factors
and a technically clean execution of the vault.
With regard to Tsukahara vaults, we conclude that run-up velocity determines the
potential to perform difficult vaults almost completely. Even for the most difficult Tsukahara vaults, initial total energy is merely preserved (not increased) during the execution.
Hence, an unclean technique may be compensated for, to some degree, with greater
run-up velocity.
Finally, we found that in order to perform a more difficult vault (+180◦ of rotation
around transversal axis) up to 5.9% of additional AKE is necessary. However, compared
to the required PE during the second flight phase, the required additional energy is almost negligible. These findings may help coaches to evaluate each athletes’ potential
and focus the training on technical and/or physical aspects of the vault performance
(Supplementary Materials).
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Appendix A
Appendix A.1. Estimate of the Segment’s Cylindrical Radius
Segments’ radii about the longitudinal axis were calculated by one of the following
four methods:

•

For femur and humerus segments: the perpendicular distance between the longitudinal axis (i.e., the z-axis provided by PIGP) and the marker on the perimeter of the
segment (e.g., ‘LTHI’, ‘LUPA’).
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•

•
•

For head and pelvis segments: the average perpendicular distance between the longitudinal
axis and multiple markers on the perimeter of the segment (i.e., ‘’RASI’/’LASI’/’RPSI’/’LPSI’
for the pelvis, and ‘RFHD’/‘LFHD’/‘RBHD’/‘RBHD’ for the head).
For tibia and radius (forearm) segments: the mean of the distal and proximal (manually
measured) joint widths.
For hand and foot segments: the (manually measured) proximal joint width

These radii were assumed to be constant (median of all valid frames) and the same for
left and right segments (mean of two sides).
Appendix B
Appendix B.1. Calculating Translational Velocity, Momentum, and Rotational Energy
All translational kinetic and kinematic calculations were based on the trajectory of the
→
whole-body CoM. The three-dimensional velocity vector ( v ) expressed the time-normalized
frame-to-frame changes in CoM coordinates:


→
dx dy dz
, ,
v =
dt dt dt
Scalar velocity (v) was also calculated frame-by-frame as
v=

q

→ 2
vx

→

→

+ v y2 + v z2

→

Translational momentum ( p ) was obtained from body mass (mb ) and vector velocity:
→

→

p = mb · v

Translational kinetic energy (Et ) was calculated from body mass and scalar velocity as
Et =

1
· m · v2
2 b

Appendix B.2. Calculating Angular Momentum and Rotational Kinetic Energy
Remote rotational kinetic energy (Erem ) was calculated frame-by-frame based on an
adaptation of the methods of Kwon, Fortney, and Shin [13] as
Erem =

h→ i h→ i
1
·mk · v k v k
2

→

where mk is the segment mass, v k is the three-dimensional velocity vector of the segment’s
CoM relative to the body’s CoM (first derivative of the three-dimensional positional
h ivector
h i
→

in global coordinates pointing from the body’s CoM to the segment’s CoM), and v k
indicates matrix multiplication.

→

vk

Appendix B.2.1. Local
→

The local angular velocity vector (ω loc ) of each segment (i.e., about its own CoM)
was calculated frame-by-frame using the formula of Wittenburg [14], as cited in Schüler,
Schleichardt, Fichtner, and Ueberschär [15], as
→

→
→
→
→
→
v1 × v2 + v2 × v3 + v3 × v1
→
 → →
 → →

ω loc = 2· → →
→
→
→
v 1· r 2 − r 3 + v 2· r 3 − r 1 + v 3· r 1 − r 2
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→

→

→

where r 1 , r 2 , and r 3 are the orthogonal unit vector endpoints corresponding to the
→ →
→
segment’s local axes, expressed in global coordinates, and v 1 , v 2 , and v 3 are the three→ →
→
dimensional velocity vectors (first derivatives) of r 1 , r 2 , and r 3 , respectively.
The corresponding inertia tensor ([ J 0 ]) for each segment was obtained frame-by-frame
by taking the segment’s diagonalized inertia tensor ([ J ])


Jxx
J= 0
0


0
0 
Jzz

0
Jyy
0

wherein Jxx , Jyy , and Jzz are the segment’s moments of inertia about its own three principal
axes, and transforming it to the global frame using a transformation matrix (T) and the
transposition thereof (T t ) with the following equation according to Peraire and Widnall [16]:
 0
J = [ T ] [ J ] [ T ]t
within [ J ], Jxx = Jyy = mseg ·rG 2 and Jzz = 12 ·mseg ·r2 , with r and rG being the segment’s
radius about the longitudinal axis (cylindrical radius) and its radius of gyration about the
other two principal axes, respectively.
Local rotational kinetic energy (Eloc ) was calculated as
Eloc =

1  0  h→ i h→ i
· J ω loc ω loc
2

Appendix B.2.2. Total
Thereafter, the sum of remote and local angular momenta
→

→

L rem + L loc
→

was further summed for all segments to obtain total angular momentum ( L ):
→

L =

∑

→

→

L rem + L loc

k


k

(where k designates a particular body segment), on a frame-by-frame basis. In an analogue manner.
Finally, total rotational kinetic energy (Er ) was calculated as the sum of remote and
local rotational kinetic energy, on a frame-by-frame basis, as
Er =

∑(Erem + Eloc )k
k

(where k designates a particular body segment).
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