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Abstract

In order to perform difficult vaults in artistic gymnastics, athletes have to achieve high run-up
speeds within the limited run-up distance (25m). However, the physical parameters that con-
tribute to a high run-up speed and their age-related differences remain elusive. Hence, the
aim of this study was 1) to investigate interrelations between difficulty value (D-score) and
run-up kinematics of Handspring/Tsukahara and Yurchenko vaults as well as lower body
power (25m-sprint, explosive and reactive strength) and 2) to explore age-related differ-
ences of these parameters across junior and elite gymnasts performing Handspring/Tsuka-
hara vaults. For this purpose, the data (of the above mentioned parameters) of 47 top-level
male elite and junior gymnasts aged 14.3 to 28.3 of performance testing, gathered over
three years, were analysed. We found that D-score of Handspring/Tsukahara (n = 33) was
strongly correlated with run-up speed (r = 0.79; p < 0.01). Further, 25m sprint speed (r =
0.85; p < 0.01) was significantly associated with run-up speed of Handspring/Tsukahara-
vaults. There were no significant relationships with the D-score of Yurchenko (n = 14). Look-
ing at the age-related differences of Handspring/Tsukahara, D-score increased significantly
from junior to elite level (+11.6%; p < 0.01). The comparison between consecutive age-
groups revealed that the U19 group had higher run-up speeds, step lengths, body weights
and heights than the U17 group, while the U21 group achieved significantly higher speeds
(run-up, 25m-sprint) and explosive strength than the U19 group. We concluded 1) that the
optimization of important physical determinants may increase the potential to perform more
difficult Handspring/Tsukahara vaults and 2) that first growth and maturation and later
improvements of lower body power led to higher run-up speeds of Handspring/Tsukahara in
the subsequent age-group. Therefore, based on performance testing of the lower limbs,
training recommendations should be given specifically to the requirements of the competi-
tion vault.

Introduction

Artistic gymnastics has evolved rapidly since the introduction of the unlimited scoring system
in 2006 [1]. On vault for example—improvements of spring characteristics of the vaulting
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table and spring board, as well as continuously increasing run-up speeds, have led to a large
number of very difficult vaults performed at international competitions in the last decade [2].

Difficult vaults are assigned to a high difficulty score (D-score) in the official competition
rules [3]. The vault D-score is determined, among other factors, by the number of turns
around transversal and longitudinal axis during the second flight phase [4]. Since run-up
speed is the most important phase of energy production [5], a high run-up speed is crucial to
perform difficult vaults in competitions [4-6]. In this context it must be mentioned that the
different vault styles Handspring, Tsukahara and Yurchenko (Fig 1) require different levels of
run-up speed. Handspring and Tsukahara (Ha/Ts) style vaults are generally performed with
higher run-up speeds than Yurchenko (Yu) style vaults [7]. Contrary to Ha/Ts vaults (forward
take-off from vaulting board), for Yu vaults, the gymnasts perform a round-off in front of the
vaulting board and backwards handspring on the vaulting table. On the one hand, these ele-
ments allow the athlete to generate the necessary angular momentum and vertical velocity for
the second flight phase, but on the other hand they also restrain the run-up speed due to the
limiting mechanical behavior of locomotion of the upper limbs [8]. Nevertheless, in order to
perform a more difficult vault and thus to have a better chance to achieve a high final score, in
general a greater run-up speed is required [7]. The vault run-up was previously described as a
20m-acceleration followed by 5m of maintaining the speed in order to hit the vault board opti-
mally and to be able to perform the planned vault [2]. Further, Veli¢kovi¢, Petkovi¢ [9] found
that top gymnasts have different velocity patterns during the vault run-up than less skilled
gymnasts. Nevertheless, the vault run-up seems to be a highly standardized target-directed
sprint [10], due to the limited run-up distance and the performance of a complex skill at the
end of the run-up. However, to this day it is unclear to what extent step kinematics during the
run-up are important to attain a high run-up speed and to perform a difficult vault. Further,
the contribution of physical parameters, such as sprint speed, explosive strength (muscular
power, rate of force development) and reactive strength (performance in a short (< 200 ms)
stretch-shortening cycle) to a high run-up speed remain elusive. In general for linear short
sprints in other sports (e.g. athletics, football), step kinematics and explosive and reactive
strength are considered to be important in order to achieve a high sprint speed [11-13]. In
artistic gymnastics, the importance of lower body power (sprint speed, explosive strength,
reactive strength) for the performance on vault is generally recognised as essential [14] but
remains mostly unexplored. In this context, Tashiro, Takata [15] showed that 25m sprint
speed, run-up speed and scores on vault are significantly correlated. Further, Koperski, Kocha-
nowicz [16] found that a take-off from the spring board is similar to a drop jump and addition-
ally Bradshaw and Le Rossignol [17] showed that an effective use of the strech-shortening-
cycle during take-off from the vaulting board results in a better vaulting performance of 8 to
15 years old girls.

B0 ath Y

Fig 1. Different vault-styles. The different first flight phases of the three most important vault styles in male’s artistic gymnastics. Left: Handspring;
middle: Tsukahara; right: Yurchenko [7].

https://doi.org/10.1371/journal.pone.0225975.9001
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A complete overview of the physical parameters that determine run-up speed and therefore,
the potential to perform difficult vaults, would help coaches to compile even more specific
training programs for their athletes in order to succeed. Moreover, it is important to observe
the development of the physical parameters, in order to optimize the training programs and
the individual progress of each gymnast during his carreer.

Hence, the first aim of our study was to explore the physical determinants of vault perfor-
mance and for this purpose to investigate how run-up kinematics on vault (maximal speed,
step length and frequency, floor contact time) interrelate with the D-score and how maximal
run-up speed on vault is correlated with lower body power (maximal 25m-sprint speed, 25m-
sprint kinematics, explosive and reactive strength). The second purpose was to investigate age-
related differences in physical determinants of vault performance across junior and elite top-
level gymnasts. The analyses were done separately for the vault styles Ha/T's and Yu as it might
be assumed that the performance depends on different factors for these two categories of vaults

[7].

Material and methods
Subjects

The data of 47 gymnasts of the male junior and elite national team (19.18 + 3.42 years; age
range: 14.3 to 28.3 years; height: 166.69 + 5.51 cm; weight: 62.23 + 7.56 kg) were included to
the analysis. The Ethics Committee Bern approved the study (Project-ID: 2018-00742) and
permitted the publication of the anonymized data for “further use without consent" according
to paragraph 32 of the declaration of Helsinki and to Art. 34 of the Human Research Ordi-
nance (HRO) of the Swiss Confederation. Gymnasts were not recruited specifically, but the
performance testing procedures were an annual recurring part of the usual preparation of all
members of the Swiss national gymnastics teams. Athletes were informed about the testing
procedures before the different tests. The study was conducted in accordance with the current
version of the Declaration of Helsinki, the ICH-GCP, ISO EN 14155, and all national legal and
regulatory requirements. The individual in this manuscript has given written informed con-
sent (as outlined in PLOS consent form) to publish these case details (Fig 2).

Procedures

For the purpose of performance testing, maximal run-up speed, run-up kinematics and D-
score on vault as well as lower body power (maximal 25m-sprint speed, 25m-sprint kinematics,
explosive- and reactive strength) of the members of the male junior and elite national team
were assessed during three consecutive years. The testing procedures were performed in accor-
dance to the ‘Manual of Performance Testing for Swiss Olympic Medical Centers’ [18] in an
early preparatory phase, in order to provide training recommendations for athletes and
coaches. Within two consecutive days at the beginning of the week and after an individual
warm-up, the athletes performed two competition vaults under training conditions (soft land-
ing mat allowed), two maximal linear 25m-sprints as well as an explosive and reactive strength
test. During vault run-up and 25m-sprint, maximal speed and step kinematics were assessed.
Maximal speed (v_peak_vault; v_peak_sprint) was measured using a laser measurement sys-
tem (LDM301a, Jenoptik, Rostock, Germany) placed 30 m away from the vaulting table
(height: 1m). For the calculation of maximum speed, the raw (100-Hz) laser position data were
clustered into and averaged within consecutive 0.04-s bins, thus yielding a 25-Hz position-
time signal. Step kinematics of vault run-ups and 25m-sprints were assessed with Opto Jump
Next (Microgate, I) with a measuring frequency of 1000 Hz (Fig 2). Mean step frequency
(SF_vault; SF_sprint), mean step length (SL_vault; SL_sprint) and mean ground contact time
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Fig 2. Experimental set-up. Measurement of maximal run-up speed (laser: LDM301a, Jenoptik, Rostock, Germany)
and step kinematics (step frequency, step length, ground contact time) on vault (Opto Jump, Microgate, Italy). The
individual in this figure has given written informed consent (as outlined in PLOS consent form) to publish these case
details.

https://doi.org/10.1371/journal.pone.0225975.9002
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(t_cont_vault; t_cont_sprint) of the last four steps of the vault run-up and 25m sprint were
included in the evaluations. Moreover, the D-score of the performed vaults were recorded.
From these measurements only the vault with the better execution (judged by an expert) and
the faster 25m-sprint were included for the analyses. If a gymnast was able to perform vaults
from both vault styles (Ha/Ts and Yu) only the vault with the highest D-score and best
execution was chosen for the evaluations. If a gymnast participated more than once at the per-
formance testing, only the results of the test with the highest D-score was used for the calcula-
tions of the study. Explosive strength was determined executing three Countermovement
jumps (CMJ), three Squat jumps (S]) and three single leg Countermovement jumps (mean
between left and right: SL-CM]J) and reactive strength was measured from two drop jumps
(DJ) from a 20, 40 and 60 cm step onto a force plate (MLD Test Evo 2, SPSport, Innsbruck,
Austria). The maximal value of the three CM]J, S] and SL-S]J (relative peak power: Pmax_rel;
W/kg) and the maximal value of DJ’s (reactive index: jump height / ground contact time; cm/
10-s) were included in the calculations.

Statistical analysis

Descriptive statistics were performed summarized per vault style (Ha/Ts; Yu) and age-group
(under (U) 17; U19; U21; >21 years). In order to calculate the physical determinants of D-
score, the data was separated into Ha/Ts (n = 33) and Yu style vaults (n = 14). The relation-
ships between the measured parameters were calculated using Spearman’s Rho (r) and
explained variance (R?) and displayed in a deterministic model of D-score. Correlation coeffi-
cients were compared according to Eid, Gollwitzer [19]. The model was created based on find-
ings of previous studies that found 1) that D-score on vault is closely related with run-up
velocity [7], 2) that maximal sprint speed represents the exploitable potential during run-up,
3) that (any) sprint speed is determined as the product of step length and step frequency [13]
and 4) that lower body power is important in order to perform fast sprints over short distances
[20]. Age-related differences of D-score, run-up speed, run-up kinematics and lower body
power were calculated only for Ha/T's vaults, due to the small number of athletes that per-
formed Yu vaults. Kruskal Wallis test was used to calculate the differences across all age-groups
and Mann-Whitney-U-Tests (post hoc) and effect sizes were calculated (r = Z/ VN) [21]
(rated according to Cohen [22]: small: > 0.1; medium: > 0.3; large: > 0.5) to assess differences
between consecutive age-groups. The level of statistical significance was set to p < 0.05. P-val-
ues were adjusted using the Holm-Bonferroni correction [23]. All calculations were performed
using SPSS 22 software (SPSS, Inc., Chicago, IL).

Results

Due to measurement errors, the step frequency of three vault run-ups (Ha/Ts) and two 25m-
sprints as well as the step length of one run-up were excluded before the evaluations.

Physical determinants of vault performance

The run-up speed of Ha/Ts and Yu explained 62% and 15% of the variance of D-score (R?),
respectively. The variation of run-up speed was explained from 5% (Yu) to 72% (Ha/Ts) by the
25m sprint speed. Further, explosive strength, reactive strength and step frequency explained
55%, 29% and 17% of the variation of sprint speed (Fig 3). Step frequency of Ha/Ts and 25m-
sprint correlated slightly better (non-significant: p = 0.15) with run-up speed and 25m sprint
speed than step length.
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Fig 3. Deterministic model of vault performance. Deterministic model (relationships = Spearman’s Rho) of the D-score of male’s Handspring/
Tsukahara- (Ha/Ts) and Yurchenko-style vaults (Yu) (*: p < 0.05; **: p < 0.01) (Yu: n = 14; Ha/Ts: n = 33; 25m-sprint kinematics, explosive and
reactive strength: n = 47).

https://doi.org/10.1371/journal.pone.0225975.9003

There were no significant differences of lower body power (maximal 25m-sprint speed,
25m-sprint kinematics, explosive- and reactive strength) between gymnasts performing Ha/T's
and Yu, but significant differences between the run-up kinematics of these two different vault
styles (Table 1).

Age-related differences across junior and elite level gymnasts

Kruskal Wallis test showed significant differences across the different age categories for all
measured parameters (p < 0.05) except for step length, step frequency and contact time of
vault run-up and 25m sprint (range of p-value: 0.08 to 0.23).

Post-hoc analysis (Mann-Whitney-U) revealed a significant increase of the D-score
(+11.6%; p < 0.01), when considering the overall development (U17 vs. >21). Between conse-
cutive age-groups the D-score rose in mean 4% (p > 0.05).

In general, the best performance for most of the physical parameters was measured for the
>21 age-group. The run-up speed was significantly higher with increasing age (U17 vs. U19;
U19 vs. U21). Anthropometric parameters (body weight and height) were only significantly
different between the U17 and U19 age-groups and lower body power (sprint speed, explosive
strength) was only significantly higher in the U21 compared to U19 (Table 2).

Discussion

This is the first study to calculate the physical determinants of D-score on vault separately for
Ha/Ts and Yu-style vaults. Secondly, age-related differences of D-score, maximal run-up
speed, run-up kinematics and lower body power (25m-sprint kinematics, explosive and
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Table 2. Age-related differences.

Table 1. Differences between athletes performing Handspring/Tsukahara and Yurchenko.

Ha/Ts (n = 33) Yu (n=14)
D-score [points] 4.67 £ 0.51 4.86 £ 0.52
v_peak_vault [m/s] 8.01 + 0.39***F 7.49 +0.18
SF_vault [Hz] 4.63 + 1.024*M 417 +0.42
SL_vault [m] 1.64 + 0.27M 1.83 +0.21
t_cont_vault [s] 0.12 + 0.01*M 0.13 + 0.03
v_peak_sprint [m/s] 8.19 £ 0.39 8.22 +0.39
SF_sprint [Hz] 4.41+0.76 4.50 + 0.22
SL_sprint [m] 1.73 +0.10 1.77 £ 0.08
t_cont_sprint [s] 0.12 + 0.01 0.12 + 0.01
CMJ (Pmax_rel) [W/kg] 60.85 + 8.02 61.44 + 6.27
SJ (Pmax_rel) [W/kg] 5533+ 6.13 56.29 + 5.25
SL-CM]J (Pmax_rel) [W/kg] 37.14 + 4.16 37.26 + 4.83
DJ [cm/10-s] 22.75 + 4.08 24,65+ 3.15
Body weight [kg] 62.47 + 7.89 61.66 + 6.98
Height [m] 1.67 % 0.06 1.67 + 0.05
Age [y] 19.10 + 3.59 19.36 + 3.09

Mean values (+ standard deviation) and significant differences (Mann-Whitney-U-Test) between athletes performing

Handspring/Tsukahara (Ha/Ts) and Yurchenko (Yu) vaults of difficulty value (D-score), vault run-up and 25m-

sprint kinematics (v_peak: maximal speed, SL: mean step length of the last four steps; SF: step frequency of the last

four steps; t_cont: mean ground contact time of the last four steps) explosive strength (Countermovement- (CM]),

Squat- (S]) and single leg Countermovement Jump: SL-CM]), reactive strength (D]) as well as anthropometric

parameters (*: p < 0.05; **: p < 0.01; “**: p < 0.001; ™: medium effect size: r > 0.3; : large effect size: r > 0.5 in

relation to Athletes performing Yurchenko vaults).

https://doi.org/10.1371/journal.pone.0225975.t001

U17 (n=8) U19 (n=11) U21 (n=7) >21(n=7)
D-score [points] 4.40 + 0.43 451 +0.44 4.86 + 0.67 5.03 + 0.21
v_peak_vault [m/s] 7.60 + 0.38 7.94 + 0.28*M 8.27 +0.21** 8.31+0.16
SE_vault [Hz] 4.64 + 0.42 4.63 +0.26 4.81 % 0.46 4.93 +0.29
SL_vault [m] 1.63 + 0.11 1.71 + 0.10™ 1.71 + 0.11 1.69 £ 0.10
t_cont_vault [s] 0.12 + 0.01 0.12 + 0.01 0.12 + 0.01™ 0.11 + 0.01™
v_peak_sprint [m/s] 7.94 % 0.34 8.10 + 0.25 8.31 +0.28"" 8.47 +0.12M
SFE_sprint [Hz] 4.54 +0.24 4.50 + 0.23 4.67 +0.32 4.68 +0.26
SL_sprint [m] 1.67 + 0.08 1.76 + 0.12*" 1.74 + 0.06 1.75 + 0.09
t_cont_sprint [s] 0.12 + 0.01 0.12 + 0.01 0.12 + 0.01™ 0.11 + 0.01™
CM]J (Pmax_rel) [W/kg] 55.43 + 7.82 58.73 + 6.73™ 65.31 + 6.39"M 65.93 + 7.38
SJ (Pmax_rel) [W/kg] 51.26 + 6.53 53.70 + 5.63 59.75 + 4.84™ 58.14 + 3.95
SL-CMJ (Pmax_rel) [W/kg] 33.77 + 3.58 36.19 + 3.04™ 39.91 + 3.75*M 39.72 + 3.78
DJ [cm/10s] 19.03 + 3.90 22.11 + 3.62M 24.46 + 2.24™ 26.31 + 2.63™
Body weight [kg] 51.69 + 6.39 64.81 + 4.37°+*" 67.17 + 6.11 66.41 * 2.50
Height [m] 1.60 + 0.05 1.69 + 0.04**" 1.68 % 0.05 1.69 + 0.04
Age [y] 16.39 + 0.28 18.35 + 0.58" " 20.46 + 0.93°**- 24.76 + 1,93+

Mean values (+ standard deviation) and significant differences (Mann-Whitney-U-Test) between age-groups of difficulty value of Handspring / Tsukahara vaults (D-

score), vault run-up and 25m-sprint kinematics (v_peak: maximal speed, SL: mean step length of the last four steps; SF: step frequency of the last four steps; t_cont:

mean ground contact time of the last four steps) explosive strength (Countermovement- (CM]J), Squat- (S]) and single leg Countermovement Jump: SL-CM]J), reactive

strength (DJ) as well as anthropometric parameters. (*: p < 0.05; **: p < 0.01; ***: p < 0.001; ™: medium effect size: r > 0.3; ™+ large effect size: r > 0.5 in relation to
g P p p P P g

previous age group).

https://doi.org/10.1371/journal.pone.0225975.t1002
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reactive strength) were analyzed across male junior and elite top-level gymnasts performing
Ha/Ts-style vaults.

The cross-sectional data in this study that was gathered over a period of three years, may
influence the results. Therefore, interpretations for the longitudinal development of athletes’
performance should be made carefully. However, our data show the actual performance level
of different age-groups of a large cohort of top-level gymnasts. Therefore, the level of the dif-
ferent physical parameters at the different age-groups can be used as reference values to verify
the longitudinal development of each athlete.

Physical determinants of vault performance

The data revealed strong relationships between D-score of Ha/T's vaults and run-up speed.
Therefore, the importance of a high run-up speed to perform difficult Ha/T's vaults could be
confirmed. Further, the run-up speed of Ha/T's was correlated significantly with 25m-sprint
speed. Therefore, our results are in line with Tashiro, Takata [15] that also reported strong
relationships between these three parameters (r > 0.72). Hence, it may be assumed that general
sprinting ability represents the exploitable speed potential for the vault run-up and therefore
for the performance on vault. In addition, this corresponds with the findings of Gross,

Buchler Greeley [24] that found similar relationships between the performance (jump height),
approach speed and sprint performance of female pole vault athletes. These similarities may be
surprising, but both, pole vaulting and the gymnastics vault are technically very demanding
disciplines, where athletes have to hit a target at the end of a submaximal sprint and where the
approach speed determines to a large extent the performance. However, an important differ-
ence between these two disciplines is the limited run-up distance (25m) of the gymnastics
vault. Within the run-up distance gymnasts rely on a fixed run-up pattern in order to hit the
vault board optimally [25]. Consequently, a higher step frequency may be the only possibility
to increase the run-up velocity when performing more difficult vaults. This may be confirmed
with the slightly higher (but not significantly different) correlation coefficient between step fre-
quency and run-up speed compared to the relationship between step length and run-up speed.
Interestingly, the step frequency of the 25m-sprint in this study was similarly related to the
25m-speed. Therefore, gymnasts seem to use a similar sprint pattern to achieve a high 25m-
sprint speed as if running-up to perform a vault. These findings are opposite to the results of
Tashiro, Takata [15] that observed different running techniques during the run-up on vault
and a 25m-sprint of elite gymnasts. In addition, our results are contrary to general findings
concerning the kinematics of linear short sprints. In this context, sprint speed is determined as
the product of step length and step frequency [13], but usually, step length is considered—in
particular during acceleration—to be more important for better sprint performances than step
frequency [26, 27]. As a result, coaches should compile training programs particularly to
improve the step frequency in order to increase the run-up speed on vault.

Further, our results showed significant correlations between 25m-sprint speed and explo-
sive- as well as reactive strength. Sprint speed strongly depends on the horizontal force impact
generated during the short ground contact time. Hence, peak power of the lower limbs can be
considered a determining factor of high speeds during short linear sprints [11]. Thus, our
results are in line with other studies that found strong correlations between maximum sprint
speed over a short distance and relative power output performing Countermovement Jumps,
Squat Jumps and Drop Jumps [26, 28]. Hence, explosive and reactive strength, may be impor-
tant (indirect) determinants of run-up velocity of Ha/T's vaults. Therefore, coaches should be
aware that the optimization of these parameters may enhance the potential to perform more
difficult Ha/Ts vaults.
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In contrast to Ha/Ts, we found no significant relationships between the D-score and run-
up kinematics neither between run-up speed and 25m-sprint speed of Yu vaults. Hence, limit-
ing factors of performing a difficult Yu vault are probably rather high technical and mental
requirements of the round-off in front of the springboard and the backwards handspring on
the vaulting table [7] than physical parameters. Hence, run-up speed and step pattern may be
adapted to the mental and technical level of the gymnast. Nevertheless, lower body power
(25m-sprint speed and kinematics, explosive and reactive strength) of gymnasts performing
Yu vaults was not significantly different from gymnasts performing Ha/Ts. This suggests that
the choice to perform a Yu vault is not primarily made because a gymnast has less lower body
power but rather in consideration of the technical and / or mental abilities of the gymnast.
Furthermore, lower body power is not only important to perform difficult vaults. It is even
considered a general basic precondition in gymnastics and in particular, for the successful per-
formance on floor [29, 30].

At this point it must be said that the results of Yu may be somewhat influenced by the small
number of gymnasts that participated in this study. Nonetheless, all the athletes were members
of the national team and therefore the results represent the current status of international and
national top-level gymnasts.

Age-related differences across junior and elite level gymnasts

Our results show a significant increase of D-score (> 0.6 points) over all age-groups (from
U17 to >21) and a continuous (but non-significant) increase between all consecutive age-
groups across junior and elite level. In order to illustrate this, it can be said that compared to
the U17, 50% of the >21 gymnasts performed a 180° and 50% a 360° turn more around the
longitudinal axis within the somersault during the second flight phase, since an additional half
turn is generally rewarded with +0.4 points in the CoP [3]. This indicates that already younger
gymnasts are able to perform quite difficult vaults and that improving the D-score on vault
occurs slowly but steadily. Since the performance of the vault is equally dependent of the exe-
cution, it may be assumed that gymnasts invest a lot of time to improve the execution of a
vault before they try to perform a more difficult vault.

The comparison between the U17 and U19 age-group showed significantly higher maximal
run-up speed, step length of 25m-sprint, height and weight for the U19. It can be assumed that
training, growth and maturation are major influencing factors that have led to the significant
differences between these two age-groups. Increased height and consequently longer limbs of
the gymnasts result in a larger step length, which in turn leads to an improvement of sprint
speed [13, 31]. However, for gymnasts, changes in step length during vault run-up entails an
adaptation of their usual standardized run-up pattern. Therefore, gymnasts may become
unsettled performing their vault as they have to relearn hitting the vault board with the new
step pattern. Since the step length remains similar across the subsequent age categories (U21,
>21), it might be assumed that gymnasts always retain the same step length after growth is
completed. Therefore, the relearning and subsequent stabilization of the new run-up pattern
during and after maturation seems to be crucial. In this case the only possibility to increase
run-up speed is, as previously mentioned, to run-up with a higher step frequency.

The U21 age-group showed significantly higher run-up speeds, 25m-sprint speeds and
explosive strength than the U19 but similar height and weight. Previous studies have shown,
that improvements of explosive strength are important to increase sprint speed over short dis-
tances [32]. Therefore, it is likely that the higher explosive strength of the U21 age-group
enables these gymnasts to achieve a higher 25m-sprint and consequently to increase the poten-
tial to run-up with a higher speed performing Ha/T's vaults.
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Comparing the U21 and >21 age-groups, no significant differences could be found for any
of the measured parameters. With regard to the similar run-up speed, this may indicate that a
certain run-up speed is needed to achieve a certain D-score and that most gymnasts achieve
this speed around the age of 21. Further, comparing the difference between run-up speed and
25m-sprint speed in the U21 age group and the >21, it is apparent that run-up speed for Ha/
Ts of the U21 is only slightly lower than maximal 25m-sprint speed but there is a larger differ-
ence between run-up speed and 25m-sprint speed in the >21 age-group. Consequently, the
younger athletes have to exploit almost their entire speed potential for their performance on
vault. Running-up with an almost maximal speed may interfere with the execution of the vault
and mistakes may happen more often. Therefore, the slightly higher (medium effect) 25m-
sprint speed of the >21 age-group may enable the older gymnasts to run-up with a submaxi-
mal speed and this could contribute to a more consistent vault performance.

Finally, the >21 age-group achieved in general the highest values in most of the measured
parameters. Therefore, it can be assumed that the major changes of lower body power and
run-up speed occur up to the age of 21. This is contrary to the findings of [33]. They observed
a linear improvement of the run-up speed from 12 to 18 years of 0.2 m/s per year, but a stagna-
tion from the age of 18.

Our results show the importance of run-up kinematics and lower body power for the vault
performance. However, when training a new vault, coaches and athletes mainly focus on the
enhancement of technical skills and often do not consider adequately the level of physical
parameters that are required to reach sufficient run-up speed. In order to optimize the devel-
opment of the vault performance and the individual physical training, it is important that
physical parameters are regularly assessed in relation with the vault performance. From the
performance testing, results detailed training recommendations should be derived on the basis
of the decision tree displayed in Fig 4.

I Planned competition vault |

Enough run-up velocity? |

No
Technical training on vault | | Enough linear sprint velocity?
Yes No
Technical training on vault | | Enough explosive / reactive strength?
Yes No
Sprint technique training Physical preparation

Fig 4. Flow-chart for training recommendations. Decision tree to derive training recommendations from a physical test battery of the lower body in
consideration of the performance on vault.

https://doi.org/10.1371/journal.pone.0225975.9004
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Conclusions

The results of this study revealed that the performance (D-score) of Ha/T's (but not Yu vaults)
strongly depends on a high run-up speed. In line with this, the run-up speed of Ha/Ts is closely
related to 25m-sprint speed. Furthermore, to the ability to create a high step frequency may be
an important factor to create high speeds within the limited run-up distance on vault. In addi-
tion, explosive and reactive strength are strongly correlated with the 25m-sprint speed. Conse-
quently, an optimization of these determining physical parameters may contribute to a better
vault performance.

When regarding the age-related differences of athletes performing Ha/Ts vaults, we
found a slow but steady increase of D-score across all age-groups of junior and elite level.
The high technical requirements of more difficult vaults and the concentration on improv-
ing the execution of already mastered vaults may be the reasons for the slow but steady
progresses.

The major changes of the vault run-up speed occur up to the age of 21. In this context, we
assumed that the significant differences of run-up speed between the U17 and U19 age-groups
are mainly encompassed by the effects of growth and maturation and therefore by a greater
step length during run-up. Whereas, the significant differences of run-up speed between the
U19 and U21 age-groups may be attributed to the higher level of lower body power (25m-
sprint speed and explosive strength) of the older gymnasts.

The gymnasts of the >21 age-group achieved the best performances of all age-groups in
most of the measured parameters. The higher run-up speed and better lower body power of
gymnasts may contribute to a more consistent vault performance.

Finally, a regular assessment of vault run-up kinematics and lower body power of elite gym-
nasts may enable coaches to observe the development of the athletes. Furthermore, the deriva-
tion of training recommendations from regular performance testing may contribute to the
optimization and individualization of the training process.

Supporting information

S1 Table. Raw data. Complete data of the present study.
(PDF)

Acknowledgments

We would like to thank the athletes and coaches of the Swiss Artistic Gymnastics Team for the
continuing trust in our scientific projects and to have enabled this study.

Author Contributions

Conceptualization: Christoph Schirer, Klaus Hiibner.

Data curation: Christoph Schirer, Nils Haller, Klaus Hiibner.
Formal analysis: Christoph Schérer.

Investigation: Christoph Schirer, Nils Haller.

Methodology: Christoph Schérer, Klaus Hiibner.

Project administration: Christoph Scharer.

Supervision: Klaus Hiibner.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225975 December 5,2019 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225975.s001
https://doi.org/10.1371/journal.pone.0225975

@ PLOS|ONE

Physical determinants of vault performance and their age-related differences of male gymnasts

Writing - original draft: Christoph Scharer.

Writing - review & editing: Wolfgang Taube, Klaus Hiibner.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Naundorf F, Brehmer S, Kérner S, Seidel I. Analyse aktueller Entwicklungstendenzen im Geratturnen.
Wick J, Seidel |, Busch D, editors. Leipzig: Meyer & Meyer Verlag; 2017. 129-41 p.

Naundorf F, Brehmer S, Knoll K, Bronst A, Wagner R. Development of the velocity for vault runs in artis-
tic gymnastics for the last decade. In: Kwon Y, Shim J, Shim J, Shin |, editors. 26th ISBS Conference;
Seoul 2008.

FIG. Code of Points MAG (2017-2020). Lausanne: FIG;2017.

Atikovi¢ A, Smajlovi¢ N. Relation between Vault Difficulty Values and Biomechanical Parameters in
Mens Artistic Gymnastics. Science of Gymnastics Journal. 2011; 3(3):91-105.

Krug J, Knoll K, Kéthe T, Zocher H-D. Running Approach Velocity and Energy Transformation in Difficult
Vaults in Gymnastics. In: Riehle H, Vieten M, editors. XVI International Symposium of Biomechanics in
Sports; Konstanz: Universitatsverlag Konstanz.; 1998. p. 160-3.

Fujihara T. Run-up Velocity in Gymnastics Vaulting. In: Ae M, Enomoto Y, Fujii N, Takagi H, editors.
34th International Conference of Biomechanics in Sport; Tsukuba 2016. p. 593—6.

Scharer C, Lehmann T, Naundorf F, Taube W, Hilbner K. The faster, the better? Relationships between
run-up speed, the degree of difficulty (D-score), height and length of flight on vault in artistic gymnastics.
PLoS One. 2019; 14(3):e0213310. Epub 2019/03/08. https://doi.org/10.1371/journal.pone.0213310
PMID: 30845256.

Glasheen JW, McMahon TA. Arms are different from legs: mechanics and energetics of human hand-
running. J Appl Physiol (1985). 1995; 78(4):1280-7. Epub 1995/04/01. https://doi.org/10.1152/jappl.
1995.78.4.1280 PMID: 7615434.

Velickovi¢ S, Petkovi¢ D, Petkovié E. A Case Study about Differences in Characteristics of the Run-up
Approach on the Vault between Top-Class and Middle-Class Gymnasts. Science of Gymnastics Jour-
nal. 2011; 3(1):25-34.

Bradshaw EJ, Hume P, Calton M, Aisbett B. Reliability and variability of day-to-day vault training mea-
sures in artistic gymnastics. Sports Biomech. 2010; 9(2):79-97. Epub 2010/09/03. https://doi.org/10.
1080/14763141.2010.488298 PMID: 20806844.

Debaere S, Jonkers |, Delecluse C. The contribution of step characteristics to sprint running perfor-
mance in high-level male and female athletes. J Strength Cond Res. 2013; 27(1):116—24. Epub 2012/
03/08. https://doi.org/10.1519/JSC.0b013e31825183ef PMID: 22395270.

Delecluse C, Van Coppenolle H, Willems E, Van Leemputte M, Diels R, Goris M. Influence of high-resis-
tance and high-velocity training on sprint performance. Med Sci Sports Exerc. 1995; 27(8):1203-9.
Epub 1995/08/01. PMID: 7476066.

Meyers RW, Oliver JL, Hughes MG, Lloyd RS, Cronin JB. New Insights Into the Development of Maxi-
mal Sprint Speed in Male Youth. Strength and Conditioning Journal. 2017; 39 (2):2—10.

French DN, Gomez AL, Volek JS, Rubin MR, Ratamess NA, Sharman MJ, et al. Longitudinal Tracking
of Muscular Power Changes of NCAA Division | Collegiate Women Gymnasts. Journal of Strength and
Conditioning Research. 2004; 18(1):101-7. https://doi.org/10.1519/1533-4287(2004)018<0101:
ltompc>2.0.co;2 PMID: 14971975

Tashiro K, Takata Y, Harada M, Kano M, Yanagiya T. Comparative Studies about Kinematics of Maxi-
mal Sprint Running and Running up in Horse Vaulting. In: Kwon Y-H, Shim J, Shim JK, Shin [, editors.
26th International Conference of Biomechanics in Sports; Seoul 2008.

Koperski A, Kochanowicz A, Stodkowski C. Gymnasts’ Special Quickness-Force Abilities and the Indi-
cators of Jump from a Springboard. Baltic Journal of Health and Physical Activity. 2010; 2(2):139-42.

Bradshaw EJ, Le Rossignol P. Anthropometric and biomechanical field measures of floor and vault abil-
ity in 8 to 14 year old talent-selected gymnasts. Sports Biomech. 2004; 3(2):249-62. Epub 2004/11/24.
https://doi.org/10.1080/14763140408522844 PMID: 15552584.

Maier T, Gross M, Trésch S, Steiner T, Miller B, Bourban P, et al. Manual Leistungsdiagnostik. Bern:
Swiss Olympic Association; 2016. https://www.swissolympic.ch/dam/jcr:b15b191a-eb0d-46e8-b9c0-
417b887a440d/Leistungsdiagnostik_Manual_160201_DE.pdf.

Eid M, Gollwitzer M, Schmitt M. Statistik und Forschungsmethoden. Frank S, editor: Beltz Verlag, Wein-
heim; 2017.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225975 December 5,2019 12/13


https://doi.org/10.1371/journal.pone.0213310
http://www.ncbi.nlm.nih.gov/pubmed/30845256
https://doi.org/10.1152/jappl.1995.78.4.1280
https://doi.org/10.1152/jappl.1995.78.4.1280
http://www.ncbi.nlm.nih.gov/pubmed/7615434
https://doi.org/10.1080/14763141.2010.488298
https://doi.org/10.1080/14763141.2010.488298
http://www.ncbi.nlm.nih.gov/pubmed/20806844
https://doi.org/10.1519/JSC.0b013e31825183ef
http://www.ncbi.nlm.nih.gov/pubmed/22395270
http://www.ncbi.nlm.nih.gov/pubmed/7476066
https://doi.org/10.1519/1533-4287(2004)018<0101:ltompc>2.0.co;2
https://doi.org/10.1519/1533-4287(2004)018<0101:ltompc>2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/14971975
https://doi.org/10.1080/14763140408522844
http://www.ncbi.nlm.nih.gov/pubmed/15552584
https://www.swissolympic.ch/dam/jcr:b15b191a-eb0d-46e8-b9c0-417b887a440d/Leistungsdiagnostik_Manual_160201_DE.pdf
https://www.swissolympic.ch/dam/jcr:b15b191a-eb0d-46e8-b9c0-417b887a440d/Leistungsdiagnostik_Manual_160201_DE.pdf
https://doi.org/10.1371/journal.pone.0225975

@ PLOS|ONE

Physical determinants of vault performance and their age-related differences of male gymnasts

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Comfort P, Stewart A, Bloom L, Clarkson B. Relationships between strength, sprint, and jump perfor-
mance in well-trained youth soccer players. J Strength Cond Res. 2014; 28(1):173-7. Epub 2013/04/
02. https://doi.org/10.1519/JSC.0b013e318291b8c7 PMID: 23542878.

Fritz C, Morris P, Richler J. Effect Size Estimates: Current Use, Calculations, and Interpretation. Journal
of Experimental Psychology General. 2012; 141(1):2—18. https://doi.org/10.1037/a0024338 PMID:
21823805

Cohen J. Statistical power analysis for the behavioral sciences. Second Edition ed. New York, USA:
Lawrence Erlbaum Associates; 1988.

Holm S. A simple sequentially rejective multiple test procedure. Scandinavian Journal of Statistics.
1979; 6(2):65-70.

Gross M, Buchler Greeley N, Hubner K. Prioritizing Physical Determinants of International Elite Pole
Vaulting Performance. J Strength Cond Res. 2019. Epub 2019/01/29. https://doi.org/10.1519/JSC.
0000000000003053 PMID: 30688866.

Bradshaw EJ. Target-directed running in gymnastics: a preliminary exploration of vaulting. Sports Bio-
mech. 2004; 3(1):125—44. Epub 2004/04/15. https://doi.org/10.1080/14763140408522834 PMID:
15079992.

Bissas Al, Havenetidis K. The use of various strength-power tests as predictors of sprint running perfor-
mance. J Sports Med Phys Fitness. 2008; 48(1):49-54. Epub 2008/01/24. PMID: 18212710.

Nagahara R, Naito H, Morin JB, Zushi K. Association of acceleration with spatiotemporal variables in
maximal sprinting. Int J Sports Med. 2014; 35(9):755-61. Epub 2014/03/01. https://doi.org/10.1055/s-
0033-1363252 PMID: 24577864.

Cronin JB, Hansen KT. Strength and power predictors of sports speed. J Strength Cond Res. 2005;
19(2):349-57. Epub 2005/05/21. https://doi.org/10.1519/14323.1 PMID: 15903374.

Marina M, Jemni M. Pliometric Training Performance in Elite-Oriented prepubertal female Gymnasts.
Journal of Strength and Conditioning Research. 2014; 28(4):1015-25. https://doi.org/10.1519/JSC.
0000000000000247 PMID: 24088867

Bradshaw E, Le Rossignol P. Anthropometric and Biomechanical Field Measures of Floor and Vault
Ability in 8 to 14 year old Talent-selected Gymnasts. Sports Biomechanics 2004; 3(2):249-62. https:/
doi.org/10.1080/14763140408522844 PMID: 15552584

Monte A, Muollo V, Nardello F, Zamparo P. Sprint running: how changes in step frequency affect run-
ning mechanics and leg spring behaviour at maximal speed. J Sports Sci. 2017; 35(4):339-45. Epub
2016/03/31. https://doi.org/10.1080/02640414.2016.1164336 PMID: 27028346.

Lockie RG, Murphy AJ, Schultz AB, Knight TJ, Janse de Jonge XA. The effects of different speed train-
ing protocols on sprint acceleration kinematics and muscle strength and power in field sport athletes. J
Strength Cond Res. 2012; 26(6):1539-50. Epub 2011/09/14. https://doi.org/10.1519/JSC.
0b013e318234e8a0 PMID: 21912294.

Brehmer S, Naundorf F. Age related development of run up velocity on vault. Science of Gymnastics
Journal. 2011; 3(3):19-27.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225975 December 5,2019 13/13


https://doi.org/10.1519/JSC.0b013e318291b8c7
http://www.ncbi.nlm.nih.gov/pubmed/23542878
https://doi.org/10.1037/a0024338
http://www.ncbi.nlm.nih.gov/pubmed/21823805
https://doi.org/10.1519/JSC.0000000000003053
https://doi.org/10.1519/JSC.0000000000003053
http://www.ncbi.nlm.nih.gov/pubmed/30688866
https://doi.org/10.1080/14763140408522834
http://www.ncbi.nlm.nih.gov/pubmed/15079992
http://www.ncbi.nlm.nih.gov/pubmed/18212710
https://doi.org/10.1055/s-0033-1363252
https://doi.org/10.1055/s-0033-1363252
http://www.ncbi.nlm.nih.gov/pubmed/24577864
https://doi.org/10.1519/14323.1
http://www.ncbi.nlm.nih.gov/pubmed/15903374
https://doi.org/10.1519/JSC.0000000000000247
https://doi.org/10.1519/JSC.0000000000000247
http://www.ncbi.nlm.nih.gov/pubmed/24088867
https://doi.org/10.1080/14763140408522844
https://doi.org/10.1080/14763140408522844
http://www.ncbi.nlm.nih.gov/pubmed/15552584
https://doi.org/10.1080/02640414.2016.1164336
http://www.ncbi.nlm.nih.gov/pubmed/27028346
https://doi.org/10.1519/JSC.0b013e318234e8a0
https://doi.org/10.1519/JSC.0b013e318234e8a0
http://www.ncbi.nlm.nih.gov/pubmed/21912294
https://doi.org/10.1371/journal.pone.0225975

