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Abstract: A successful high-level gymnastics performance is the result of the coordination and
inter-relation of body segments to produce movement prototypes. In this context, the exploration
of different movement prototypes, as well as their relations with judges’ scores, can aid coaches to
design better learning and practice methodologies. Therefore, we investigate if there are different
movement prototypes of the technique of the handspring tucked somersault with a half twist (HTB)
on a mini trampoline with a vaulting table and its relations with judges’ scores. We assessed
flexion/extension angles of five joints during fifty trials, using an inertial measurement unit system.
All trials were scored by international judges for execution. A multivariate time series cluster analysis
was performed to identify movement prototypes and their differential association with judges’ scores
was statistically assessed. Nine different movement prototypes were identified for the HTB technique,
with two of them associated with higher scores. Statistically strong associations were found between
scores and movement phases one (i.e., from the last step on the carpet to the initial contact of both feet
with the mini trampoline), two (i.e., from the initial contact to the take-off on the mini trampoline) and
four (i.e., from the initial contact of both hands with the vaulting table to take-off on the vaulting table)
and moderate associations with movement phase six (i.e., from the tucked body position to landing
with both feet on the landing mat). Our findings suggest (a) the presence of multiple movement
prototypes yielding successful scoring and (b) the moderate-to-strong association of movement
variations along phases one, two, four and six with judges” scores. We suggest and provide guidelines
for coaches to encourage movement variability that can lead their gymnasts to functionally adapt
their performance and succeed when facing different constraints.

Keywords: kinematic analysis; inertial sensors; cluster analysis; execution scores; optimal movement

variability; performance; sports; Teamgym Code of Points; Xsens MVN Link

1. Introduction

As gymnastics skills are performed in a relatively stable and predictable environ-
ment, they are generally categorised as closed skills [1]. For this reason and until today;,
coaches follow methodologies that promote automaticity of the movement and reduce its
variability [2]. An example is the use of a measuring tape along the approach run area
for vaulting, assuming that gymnasts will perform a stereotyped approach run [3,4] with
similar biomechanical parameters (e.g., step length, velocity, vertical impulse, etc.) in every
trial. Still, it is not uncommon to observe gymnasts pulling out of the attempt during the
approach run, finding it unfamiliar or suffering accidents such as hitting the vaulting table
during training and competition [4].
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More recent studies grounded in the Ecological Dynamics perspective [5-9] have
demonstrated that variability in performance is present and depends on the individual
(e.g., fatigue, emotions and intentions), environmental (e.g., championships final, qualifi-
cations and training) and task (e.g., verbal instructions and time) constraints [6-8]. Inter-
variability (i.e., the variation in movement parameters between gymnasts when performing
the same task [10,11]) was observed during tasks such as the handstand and handspring
front somersault on vaulting [12,13]. Intra-variability (i.e., the variations in movement
parameters along repetitions of the same task performed by the same subject [10,11])
was observed for step velocity [14] and length, duration of the approach run [15], last
step—springboard distance [16], hands—edge of the vaulting table distance, body position
during vaulting table take-off [3] and duration of contact to the vaulting table [14]. Together,
these results reinforce the hypothesis of a functional movement regulation.

In gymnastics disciplines such as Teamgym, the Code of Points [17] allows some
variability of movement without deductions in the execution score, namely, for joint angle
amplitude. Examples are the body position during the take-off from the vaulting table
(Figure 1A, at the end of 4), where knees, hips, shoulders and elbow angles must be >135°,
and the body position during landing (Figure 1A, at the end of 6), where a <90° flexion of
the knees and hips are allowed.

Some limitations in the existing literature prompted this study. First, the tasks analysed
in previous works are relatively simple (e.g., handspring on vaulting table) due to the
challenges in collecting and analysing biomechanical data outside the laboratory. These
tasks are generally performed in artistic gymnastics, where a springboard is used instead
of a vaulting table as happens in Teamgym, which can lead to different biomechanical
behaviours. Second, and despite the growth of Teamgym in Europe and other countries,
few scientific studies have been conducted for Teamgym, and they are mostly related to
injuries in the sport. Finally, most of the studies in gymnastics biomechanics analysed
single data points of individual variables without considering the interaction and synergies
of body components.

To address these limitations, we made a multivariate time series cluster analysis to
identify movement prototypes [18] of a complex task performed in Teamgym. We also
investigated the variation in the knees, shoulders and pelvis/thorax flexion/extension
angles of each movement prototype, considering the interaction of body components during
complex movements [19]. We benefitted from the recent advances in inertial measurement
unit systems to collect and analyse biomechanical data during the performance of a complex
skill in an ecological environment.

Considering the mentioned studies, we aimed to (a) investigate if there are different
movement prototypes of the technique of the handspring tucked somersault with a half
twist (HTB) on a mini trampoline with a vaulting table, resulting from a functional reg-
ulation of movement and consequently showing intra- and inter-movement variability,
and (b) assess the correlation between those movement prototypes with judges’ scores.
Movement prototypes were explored for the whole task duration as well as for relevant
phases of the task with the complementary aim of studying phase-specific variations and
identifying which phases of movement are more related with scores.

We hypothesized that (1) different movement prototypes are identified because of a
functional movement regulation and intra- and inter-variability of movement, and (2) dif-
ferent prototypes could show differing scores, demonstrating that not only a functional
movement regulation strategy is present and is acceptable from judges, but that coaches
need to adapt practice design. The fifth and sixth movement phases (i.e., from the take-off
on the vaulting table to landing with both feet on the landing mat) are commonly seen as
the most important phases of movement, especially for two reasons: first, it is when the
majority and most important motor actions occur, and second, it is when judges apply more
execution deductions according to the Teamgym Code of Points [17] (e.g., body position
when leaving the vaulting table, body shape during the aerial phase, height, twisting
position and timing, control during landing, etc.). Despite that, we did not consider any



Sensors 2023, 23, 3240

3of 14

conditioning hypothesis for these movement phases due to the influence of previous phases,
namely, the approach run.

Joint Angle (°)
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Figure 1. (A) After a maximum 25 m approach run, the gymnast performed a take-off from the
mini trampoline followed by a forward entrance placing both hands on the vaulting table (support
phase), one and a half somersault in a tucked position (total of 720° on a transversal axis rotation)
and a half twist (180° on a longitudinal axis rotation) before landing. The dotted lines and numbers
represent the movement phases analysed: (1) from the last step on the carpet to the initial contact
of both feet with the mini trampoline (mean duration = 0.39 s & 0.03); (2) from the initial contact to
the take-off on the mini trampoline (mean duration = 0.17 s & 0.02); (3) from the take-off on the mini
trampoline to the initial contact of both hands with the vaulting table (mean duration = 0.06 s & 0.03);
(4) from the initial contact of both hands with the vaulting table to take-off on the vaulting table
(mean duration = 0.15 s £ 0.04); (5) from the take-off on the vaulting table to achieving the tucked
body position during the aerial phase (mean duration = 0.30 s & 0.04); and (6) from the tucked body
position to landing with both feet on the landing mat (mean duration = 0.75 s & 0.11). (B) Joint angle
variation along the 6 different phases of movement of one trial of the HTB. The dotted lines illustrate
the beginning and the end of the phases of movement.

2. Materials and Methods
2.1. Participants

Altogether, 13 elite Teamgym gymnasts (n = 13; mean age: 25.2 + 2.83 years; mean
experience = 10.8 years) with international experience participated in the study. All gym-
nasts were able to perform safely and successfully the proposed skill. Five international
Teamgym judges from Portugal, Italy and the Czech Republic scored execution according to
the Teamgym Code of Points [17]. The study was conducted in accordance with the Decla-
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ration of Helsinki and approved by the Faculty Ethics Committee (1/2020; 24 January 2020).
Gymnasts signed an informed consent form prior to starting the experimental procedures
and declared that they were free from injuries and able to perform the tasks autonomously.

2.2. Task

Participants performed a handspring tucked somersault with a half twist (HTB) on a
mini trampoline with a vaulting table (MTVT) (Figure 1).

2.3. Instruments and Procedure

The data were collected in a sports hall using a carpet that was 25 m in length,
2 m in width and 3.5 cm thick, a mini trampoline, a vaulting table and a landing area
according to the official Teamgym directives [20]. We recorded biomechanical data using a
system of seventeen inertial measurement sensors (Xsens MVN Link; Xsens Technologies,
Enschede, The Netherlands) at a rate of 240 Hz. This system was previously validated
against an optoelectronic system to measure kinematic variables during the performance
of gymnastics tasks in an ecological environment [21]. The study revealed a very good to
excellent coefficient of multiple correlation values, as well as acceptable errors (root mean
square errors) for the joint angles considered in the present study. The IMUS Xsens MVN
Link consists of five MTx sensors (placed on the pelvis, sternum, hands and head) and
twelve MTx-STR sensors (placed on the legs and upper body). Both inertial unit sensors
contain 3D linear accelerometers to measure accelerations (as gravitational acceleration),
3D rate gyroscopes to measure angular velocities, 3D magnetometers to measure earth
magnetic field and a barometer to measure atmospheric pressure. The placement of sensors
and calibration conformed to the manufacturer’s recommendations. Kinematic data were
processed in multilevel high definition using MVN Analyse software (Version 2019.2.1,
Xsens Technologies, Enschede, The Netherlands). We used acceleration peaks representing
foot and hand impacts [22] on the carpet, mini trampoline, vaulting table and landing mat,
to define six phases of movement: (1) from the last step on the carpet to the initial contact
of both feet with the mini trampoline; (2) from the initial contact to the take-off on the mini
trampoline; (3) from the take-off on the mini trampoline to the initial contact of both hands
with the vaulting table; (4) from the initial contact of both hands with the vaulting table
to take-off on the vaulting table; (5) from the take-off on the vaulting table to achieving
the tucked body position during the aerial phase; and (6) from the tucked body position
to landing with both feet on the landing mat (Figure 1). We calculated segment positions
and orientations using MVN Fusion Engine for Xsens and considered for analysis the time
series for Flexion/Extension angles (°) of the left and right shoulders, left and right knees
and pelvis/thorax.

All trials were recorded using a video camera (Casio EXILIM EX-F1, 60 Hz, Casio
Computer Co., Ltd., Tokyo, Japan) placed perpendicular to the MTVT. Participants per-
formed a twenty-minute warm-up and several practice trials before instrument calibration
was performed. Participants were informed that trials would be evaluated by international
Teamgym judges and performed five trials as if they were in a competition. Participants
chose the distance of the run-up and instrument calibrations were repeated before each
trial. Each participant was present in one session and performed five trials of the HTB.
They were allowed to rest for some seconds between trials. Following the completion of all
trials, participants were fully debriefed.

2.4. Data Analysis
2.4.1. Statistical Procedures

A total of fifty trials were considered for analysis (mean trials per participant = 3.85 =+ 0.55),
with the remaining fifteen trials excluded due to falls after landing on the mat, not per-
forming the requested movement (e.g., performing a straight instead of a tucked body
position during the aerial phase) or due to poor quality of data. We defined an individual
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movement as a 5-order multivariate time series, monitoring the variation in the 5 measured
body angles along the whole HTB task for each phase.

Given a set of trials, a subset of individual movements that satisfy specific similarity
criteria among each other and dissimilarity criteria against remaining movements was
considered to identify movement prototypes. To this end, multivariate time series clustering
analysis was first performed to partition individual movements onto a set of cohesive and
well-separated groups (clusters), which were subsequently considered to retrieve the
movement prototypes via time series averaging [23].

Dynamic time warping (DTW) distance was considered to rigorously assess pairwise
similarity between multivariate signals [24,25]. An illustrative instantiation of DTW elastic
behaviour over two individual movements for the target task is presented in Figure S1
(Supplementary Materials). DTW is selected over alternative distances for three major
reasons. First, DTW was originally designed for the analysis of movement signals [24,25].
In particular, its elastic nature is essential to tolerate/accommodate temporal misalignments
between individual movements, being able to adequately handle the natural intra-personal
and inter-personal variability. Second, DTW is well-prepared to simultaneously account for
the inherent temporal and multivariate dependencies observed of the target angle signals.
Finally, the elastic properties of DTW are able to assess similarity between signals with
arbitrarily high different durations, as in the targeted case.

Time series k-Means [26,27] using DTW distance was considered to produce a cluster-
ing solution for the whole and phase-specific HTB. In contrast with classical k-Means, the
computation of centroids was not produced under the traditional multivariate averaging
principle but considering DTW averaging. In this context, the centroid of a cluster of
individual movements is an expressive multivariate signal that is not subjected to aliasing
effects caused by temporal misalignments. DTW barycentre analysis was applied not
only to compute the centroids along the clustering task, but also to extract the movement
prototypes from the final clustering solution, here termed movement prototypes.

2.4.2. Statistical Validation

To identify the optimal number of movement prototypes for the whole HTB and each
phase, the number of clusters were varied between 2 (minimum) and 15 (placed upper
bound to guarantee a good representativity of movements per cluster) and two major
methods were considered. First, elbow analysis of the sum of squared errors. Second, the
optimization of the silhouette along the eligible elbow points.

The learnt clustering solutions under the optimal number of movement prototypes
were further subjected to a strict quality assessment by statistically testing the observed
silhouette against null data models (angle permutations within and across individuals) to
ensure the cohesion and separation of the clustered movements.

Finally, an association study of the clustered movements (for the whole HTB and
each phase) against judges’ scores was undertaken. To this end, two major groups of
statistical tests were considered. First, to test whether the set of movement prototypes
produced along the HTB task (or specific phase) show differential scores, ANOVA was
applied under a significance threshold (alpha = 0.01) to assess generalized statistically
significant scoring differences across the given prototypes. ANOVA F-testing was applied
with K-1 (between-group), N-K (within-group) and N-1 (total) degrees of freedom, where
K is the number of clusters for the HTB task (or specific phase) and N is the number of
trials. Second, as ANOVA testing may not ensure that differential scores are observed
for every pair of movement prototypes from the learnt multi-wise set of patterns, we
further conducted a pairwise statistical assessment of score differences. To this end, ¢-
test with independent samples was applied considering the scored movements for each
pair of clusters when scores passed the Shapiro-Wilko normality test. Otherwise, the
corresponding non-parametric Wilcoxon signed-rank testing was considered.
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3. Results
3.1. Handspring Tucked Somersault with a Half Twist—Global Analysis

Nine clusters characterised the performances of the complete HTB (Figure 2). Each
cluster comprises similar temporal series trials, considering the five joint angles in the
analysis. In addition, each cluster includes a movement prototype as the result of the
averaged trials. Different clusters represent significant different temporal series of joint
angles, meaning different motor behaviours during the performance of the HTB.
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Figure 2. Cluster times series for the joint angles of the complete HTB. In each cluster, the grey lines
represent the time series of each trial. The coloured lines represent the movement prototype that is
the result of the average trials of each cluster and each joint angle.

Clusters two, seven and nine include seven trials (14.29%), clusters four, five and eight
include four trials (8.16%), cluster three involves six trials (10.2%), while clusters one and
five include three (6.12%) and eight (16.33%) trials, respectively. The quality assessment of
the undertaken clustering analyses for the different movement prototypes is included in
the Supplementary Materials (Figures 52 and S3).

Cluster nine has statistically significant higher scores compared to the remaining
clusters (cluster one, p = 0.017; cluster two, p = 0.038; cluster four, p = 0.012; cluster five,
p = 0.0003; cluster six, p = 0.024; cluster seven, p = 0.004; and cluster eight, p = 0.006), except
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when compared to cluster three (p = 0.530) (Figure 3). Based on the average time series or
movement prototype of cluster nine, the HSB is characterised by a strong shoulder flexion
(70°) and pelvis—thorax flexion (45°) during the first phase; a slight flexion (20°) and the
initiation of an extension (40°) of the knee, together with an extension of the shoulder and
pelvis—thorax (20°) during the second phase; a maintenance of the angular positions of the
shoulders, knees and pelvis-thorax (<10°) during the third and fourth phases, except an
accentuated knees flexion during the fourth phase (40°) to prepare for the tucked body
position; the continuation of the knees (40°) and pelvis-thorax flexion (30°) during the fifth
phase, while a shoulder extension is observed (50°) in order to rotate in a tucked body
position (hands on the knees); and finally, a knee and pelvis—thorax extension (40°) to a
straight body position followed by a flexion (20°) during the initial contact with the landing
mat, while the shoulders demonstrate a minor flexion (15°), finishing with an extension
(25°) to smooth the landing.

a5 = i
9.0 - =
i < o
% 8.0 -
) B
3
3 _
75. l
1 2 3 4 5 6 7 8 9
Clusters

Figure 3. Boxplots with average and standard deviation scores for each one of the nine clusters that
characterise the performance of the HTB. F = 5.859.

3.2. Handspring Tucked Somersault with a Half Twist—Phases Analysis

We considered six phases of movement (Figure 1). In all movement phases, each
cluster comprises trials with similar temporal series (grey lines, Figure 4), considering the
five joint angles in the analysis. Additionally, every cluster includes a movement prototype
that is the result of the averaged trials (coloured lines, Figure 4). Different clusters represent
trials with significant different temporal series of joint angles, meaning different motor
behaviours during the different phases of the performance of the HTB.

Phase one includes seven clusters, phases two and five comprise three clusters, and
finally phases three, four (Figure 4) and six contain four clusters.

Statistically strong associations were found between scores and phases one (F = 5.083,
p =0.001), two (F = 12.303, p < 0.001) and four (F = 3.192, p < 0.032) and moderate associa-
tions with phase six (F = 2.074, p < 0.117) (Figure 5). This result reflects that in each of these
movement phases there are statistically significant different scores for different clusters.
During the first phase, clusters two and six show the highest average scores and a small
standard deviation (SD). During the second phase, cluster three has a higher average score
than the remaining clusters. Lastly, cluster four registered the highest average scores for
phases four and six.
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Figure 4. Example of four cluster times series for phase 4 (i.e., from take-in to take-off on the vaulting
table). In each cluster, the grey lines represent the time series of each trial for this phase of movement.
The coloured lines represent the movement prototype that is the result of the average trials of each
cluster and each joint angle.
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Figure 5. Boxplots with average and standard deviation scores for each cluster of the phases of
movement that have strong (1st, 2nd and 4th phases of movement) and moderate (6th phase of
movement) associations with scores.
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4. Discussion

This study aimed to (a) investigate if there are different movement prototypes of
the technique of the handspring tucked somersault with a half twist (HTB) on a mini
trampoline with a vaulting table, and (b) assess the correlation between those movement
prototypes with judges’ scores. A functional movement regulation strategy was confirmed
with the identification of nine different movement prototypes for the technique in this
study, with intra- and inter-variability arising during performance. This result demonstrates
that, even with elite samples, the same task can be successfully performed with different
movement prototypes. Additionally, and as expected, different scores were given by judges
for each prototype, with prototypes three and nine achieving the highest and statistically
similar scores.

The current study showed that the trials from eleven gymnasts were assigned con-
stantly to the same clusters, demonstrating consistency of movement over various trials.
This consistency of movement may reflect their elite level, although we observed some
variability of joint angles between the trials in each cluster (Figure 2). This movement vari-
ability might reflect what is named as metastable attunement [28] meaning that gymnasts
used the learned patterns of behaviour to perform the task while being sensitive to the
present constraints (e.g., individual, environmental and task constraints), adapting their
movement to successfully perform. Being a technical sport, where judges are trained to find
imperfections in movement, a low variability of movement should be desirable in critical
aspects of the technique, while less relevant aspects that are not so determinant for the
score can experience more variability [12,29] as the result of a functional interaction with
constraints [30-33]. Therefore, more important than avoiding movement variability, the
success resides in keeping the critical biomechanical parameters consistent (but not rigid)
and adjusting the less critical aspects of movement during specific movement phases. The
results depicted demonstrate the existence of different movement prototypes to perform the
HTB and movement variability between trials in the same cluster. This means that, from a
stable performance, gymnasts adapted their movement in a functional and optimal manner,
maintaining the balance between movement stability and flexibility [28,32]. This metastable
attunement [28] allowed gymnasts to achieve the main goal of the HTB, independently of
their scores. We can question if they would be able to achieve the main goal of the task if
they performed a stereotyped and rigid stable movement pattern. It can also be possible
that this metastable attunement enables the gymnast to adjust their motor behaviour to
avoid a less successful landing on the mat or even an injury, which would not be possible
on the basis of performing repetitively a stereotyped and automatic movement pattern [32].

Two gymnasts had their trials assigned to two different clusters with a statistically
significant impact on scores. This might indicate that, although some joint amplitude
variability in specific phases of movement does not reverberate on the score, an increase
in variability beyond an optimal level [33] may result in technical incorrections (e.g., joint
amplitudes over the limits defined in the Code of Points), leading to additional deductions
in scores.

From the nine clusters identified during the performance of the HTB, the third and
ninth are associated with significantly higher scores, despite cluster three displaying a
considerable standard deviation for score (the lower scores resulted from corrections to
gain control after landing to avoid falling and consequently a higher score deduction). First,
this result may support the possibility that an optimal level of movement variability still
leads to greater scores (>9.000 in 10.000 possible points), and second, corrections to gain
control of landing (i.e., multiple steps, a large rebound jump, etc.) do not significantly
reduce scores. Considering these findings, we encourage coaches and gymnasts to use this
acceptable movement variability to their advantage, meaning that instead of instigating a
perfectly controlled landing (i.e., perform landing without any additional step or rebound
jump), a more fluid, yet controlled, movement can be used as a strategy to progressively
dissipate the body energy and reduce the impact of landing on the lower joints.
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To better understand which movement phases yield strong associations with scores,
we performed phase-conditional clustering analyses, followed by a score-aware analysis of
variances. The numbers of clusters allocated to the six phases of movement show that a
diversification of movement prototypes is more likely to occur along some phases, which
is moderately associated with movement variability. Results showed that statistically
significant differences for scores occurred for movement during phases one, two, four and
six, confirming the significant correlations of these phases with judges’ scores [4,34-36],
while phases three and five have less influence on scores, showing a similar range of scores
for all clusters.

Since gymnasts that participated in this study are right and left-handed, this may have
contributed to (without totally explaining it) a superior number of clusters in the 1st phase
of movement. During this phase gymnasts start to approach an optimal body position to
contact the mini trampoline, so the 1st flight/3rd phase (i.e., from mini trampoline take-off
to the initial contact with vaulting table) will be a lower parabola with a minimal loss of
velocity and greater energy and velocity [37]. This optimal body position is conditioned
by the approach run characteristics as velocity [38,39], individual characteristics, namely,
height [40], strength [40], power, flexibility, biological development, visual perception and
strategy [4,15,41] and other constraints, which in practice may reveal a larger variability and
adjustment of movement, consequently resulting in the higher number of clusters observed.
Figure 5 demonstrates that four clusters (two, three, four and six) with different movement
prototypes for phase one have very good average scores (>9.000 points), reinforcing
the acceptance of an optimal and needed movement variability, without considerably
reducing score.

The second and fourth phases present an inferior number of movement prototypes
(Figure 5), demonstrating that these phases have a limited range of movement variability,
yet it is present. We observe a significant lower score for cluster three on second phase and
for clusters one and two during the fourth phase, confirming that, at least for the variables
considered, the range for variability of movement prototypes are reduced. During both
phases, gymnasts body position [42], specially hip flexion/extension angles [36], velocity
and force applied to mini trampoline and vaulting table are crucial for success [36,39],
which corroborates the strong associations with score that we found. Despite the short
duration of hands contact with vaulting table, it is possible that elite gymnasts make small
modifications in linear and angular momentum to improve the distance, height and body
rotation during the second flight [43] (phases five and six, between vaulting table take-off
and landing). Again, and despite the restricted limits of joint flexion/extension variability
during these phases, assume a functional adaptation of behaviour to make the most of their
contact with mini trampoline and vaulting table. This functional and essential movement
variability, resulting from the interaction between gymnasts and several constraints, can
lead to a better performance of the second flight (phases five and six) and consequently to
higher scores [17]. On phase 2, trials from cluster 3 demonstrated less variability for joint
angles and a higher average score (with a small SD), while during the phase four, clusters
with higher scores (three and four) had a significant variability in joint angles (differences
between 35° and 20°, respectively), leading us to suggest, that (1) during contact with
mini trampoline (phase two), a lower variability on joint angles and movement sequence
is desirable for a higher score; and (2) during contact with vaulting table (phase four),
some variability on joint angles amplitudes does not negatively influences scores. This may
indicate that, as we mentioned before, the second phase of movement may include more
critical biomechanical parameters comparing to the fourth phase of movement, demanding
a reduced movement variability.

The sixth and last phase of movement, from a tucked body position to the initial contact
with landing mat, has a moderate association with scores (Figure 5). This phase, together
with phase five, is facilitated by a high velocity during the approach run [36,38] and a
great kinetic energy created during the contact with vaulting table [44,45], remembering
that even the last movement phases are a consequence of the previous phases. The results
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reveal that, cluster four has a higher average score but presents a great variability for joints
amplitudes, resulting in a significant standard deviation for scores. Although this cluster
represents the most correct movement prototype and sequence, some joints amplitudes
lead to more deductions and consequently lower scores. This result would be expected
since the Code of Points [17] directs judges to especially focus (and apply deductions) on
performance of phases five and six (i.e., the aerial phase), where it is expected that judges
are less tolerant to the variations of joint amplitudes. Contrary, less movement variability
on cluster one did not cause higher scores, due to a less correct movement prototype (e.g., a
late opening from a tucked to a straight body position, a straight body position not well-
defined during landing). It is worth to highlight that the aerial phase is strongly influenced
by previous movement phases and due to its technical complexity, time to perform and
other constraints, it might be difficult to gymnasts to adjust biomechanical parameters
and correct or improve their performance. Our findings seem to depict that during the
last phase of performance of HTB, an optimal movement variability can be accepted by
judges (e.g., according to the Code of Points [17], judges should consider a tucked body
position when the hips and knees joint angles are equal or less than 135°, instead of having
to demonstrate a precise joint angle), provided that the gymnasts perform with technical
correction (e.g., correct timing to initiate and complete longitudinal body axis rotation, to
show an extended body position before landing, among others).

5. Conclusions

The major implication of this study is that, even when considering an elite sample,
different movement prototypes arise when performing an HTB, with two of them showing
statistically significant higher scores against alternative prototypes. This led us to conclude
that an optimal amount of movement variability is beneficial for gymnasts’ performances.
These results point to the need to design representative learning/practice tasks that promote
a relationship and interaction between gymnasts and key performance constraints, so
gymnasts can eventually explore and adjust their behaviours, based on their individual
characteristics and be more prepared to face the changing constraints with success [2,7,8,46].

Movement prototypes along the first, second, fourth and sixth phases of the HTB
movement show the strong and moderate association with judges’ scores, emphasizing their
importance. However, an optimal movement variability, comprising a balance between
stability and flexibility, did not negatively influence scores, despite it being more or less
tolerable by judges depending on the movement phase.

From a pedagogical and applied perspective, based on the results of this study, we
would like to make some suggestions to coaches. First, intra- and inter-variability that occur
during the learning processes and technical performance should be embraced, recognizing
the individual characteristics of each gymnast, as well as the individual state of readiness.
To design an appropriate task [47], more than consider the outcomes, coaches should
consider the commitment of the gymnast to the goals and learning process as well as be
prepared to evaluate, review and adapt the goals to each gymnast’s characteristics when
needed. Finally, the critical components and goals of the task must guide the design of
representative learning /practice tasks.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s23063240/s1, Figure S1: Illustrative application of the DTW to
two HTB movements from the same gymnast. Each movement is described by a multivariate time
series of order 5 corresponding to the angle variation along the 5 monitored joints. The elastic nature
of the DTW is able to tolerate temporal misalignments and movements of varying duration; Figure S2:
Sum of squared errors (SSE) and silhouette for the different number of clusters for the complete
movement. The yellow vertical line represents the best solution for the number of clusters; Figure S3:
Sum of squared errors (SSE) and silhouette for the different number of clusters for each phase of
movement. The yellow vertical line represents the best solution for the number of clusters; Figure S4:
Clusters times series for phase 1 (i.e., from the last step on carpet to the initial contact of both feet
with mini-trampoline) considering knees, shoulders and pelvis/thorax flexion/extension angles. The
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grey lines represent the time series of each trial; Figure S5: Clusters times series for phase 2 (i.e., from
the initial contact to the take-off on mini-trampoline) considering knees, shoulders, and pelvis/thorax
flexion/extension angles. The grey lines represent the time series of each trial; Figure S6: Clusters
times series for phase 3 (i.e., from the take-off on mini-trampoline to the initial contact of both
hands with vaulting table) considering knees, shoulders, and pelvis/thorax flexion/extension angles.
The grey lines represent the time series of each trial; Figure S7: Clusters times series for phase 5
(i.e., from the take-off on vaulting table to achieving the tucked body position during the aerial phase)
considering knees, shoulders, and pelvis/thorax flexion/extension angles. The grey lines represent
the time series of each trial; Figure S8: Clusters times series for phase 6 (i.e., from the tucked body
position to landing with both feet on landing mat) considering knees, shoulders, and pelvis/thorax
flexion/extension angles. The grey lines represent the time series of each trial.

Author Contributions: Conceptualization, J.B., S.C. and B.P,; methodology, J.B. and R.H.; software,
J.B. and R.H.; investigation, J.B.; writing—original draft preparation, J.B.; writing—review and
editing, R.H., S.C,, B.P,, A.V. and C.P. All authors have read and agreed to the published version of
the manuscript.

Funding: Fundagao para a Ciéncia e Tecnologia, under Grant UIDB/00447 /2020 to CIPER—Centro
Interdisciplinar para o Estudo da Performance Humana (unit 447).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee of Faculty of Human Kinetics (01/2020,
24 January 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

Schmidt, R.; Lee, T. Motor Learning and Performance, 6th ed; Human Kinetics Publishers: Champaign, IL, USA, 2020.

Aratjo, D.; Woods, C.; McCosker, C.; Carvalho, J.; Renshaw, I.; Davids, K. Functional Variability Enhances Performance in
Self-paced Tasks: An Ecological Dynamics Approach. In The Psychology of Closed Self-Paced Motor Tasks in Sports; Routledge: New
York, NY, USA, 2022.

Heinen, T.; Jeraj, D.; Thoeren, M.; Vinken, P. Target-directed running in gymnastics: The role of the springboard position as an
informational source to regulate handsprings on vault. Biol. Sport 2011, 28, 215-221. [CrossRef]

Bradshaw, E. Gymnastics: Target-directed running in gymnastics: A preliminary exploration of vaulting. Sports Biomech. 2004, 3,
125-144. [CrossRef]

Davids, K.; Aratjo, D.; Seifert, L.; Oth, D. Expert Performance in Sport-An ecological dynamics perspective. In Rotledge Handbook
of Sport Expertise; Baker, ]., Farrow, D., Eds.; Routledge: New York, NY, USA, 2015; pp. 130-144.

Davids, K.; Aratjo, D.; Hristovski, R.; Passos, P.; Chow, ].Y. Ecological dynamics and motor learning design in sport. Ski. Acquis.
Sport 2012, 25, 112-130.

Headrick, J.; Renshaw, I.; Davids, K.; Pinder, R.A.; Aratjo, D. The dynamics of expertise acquisition in sport: The role of affective
learning design. Psychol. Sport Exerc. 2015, 16, 83-90. [CrossRef]

Davids, K.; Aragjo, D.; Vilar, L.; Renshaw, I; Pinder, R. An ecological dynamics approach to skill acquisition: Implications for
development of talent in sport. Talent. Dev. Excell. 2013, 5, 21-34.

Newell, K. Constraints on the Development of Coordination. In Motor Development in Children: Aspects of Co-Ordination and
Control; Newell, M.M., Ed.; Martinus Nijhoff: Dordrecht, The Netherlands, 1986; pp. 341-360.

Harbourne, R.T.; Stergiou, N. Movement Variability and the Use of Nonlinear Tools: Principles to Guide Physical Therapist
Practice. Phys. Ther. 2009, 89, 267-282. [CrossRef]

Zhao, K.; Zhang, Z.; Wen, H. Intra-Subject and Inter-Subject Movement Variability Quantified with Muscle Synergies in Upper-
Limb Reaching Movements. Biomimetics 2021, 6, 63. [CrossRef] [PubMed]

Kochanowicz, A.; Niespodziniski, B.; Marina, M.; Mieszkowski, J.; Biskup, L.; Kochanowicz, K. Relationship between postural
control and muscle activity during a handstand in young and adult gymnasts. Hum. Mov. Sci. 2018, 58, 195-204. [CrossRef]
[PubMed]

Irwin, G.; Kerwin, D.G. The influence of the vaulting table on the handspring front somersault. Sports Biomech. 2009, 8, 114-128.
[CrossRef] [PubMed]

Bradshaw, E.; Hume, P.; Calton, M.; Aisbett, B. Reliability and variability of day-to-day vault training measures in artistic
gymnastics. Sports Biomech. 2010, 9, 79-97. [CrossRef]


http://doi.org/10.5604/965480
http://doi.org/10.1080/14763140408522834
http://doi.org/10.1016/j.psychsport.2014.08.006
http://doi.org/10.2522/ptj.20080130
http://doi.org/10.3390/biomimetics6040063
http://www.ncbi.nlm.nih.gov/pubmed/34698082
http://doi.org/10.1016/j.humov.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29471194
http://doi.org/10.1080/14763140902745027
http://www.ncbi.nlm.nih.gov/pubmed/19705763
http://doi.org/10.1080/14763141.2010.488298

Sensors 2023, 23, 3240 13 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Haigis, T.; Schlegel, K. The regulatory influence of the visual system: An exploratory study in gymnastics vaulting. Sci. Gymnast.
J. 2020, 12, 61-73. [CrossRef]

Heinen, T.; Vinken, PM.; Jeraj, D.; Velentzas, K. Movement Regulation of Handsprings on Vault. Res. Q. Exerc. Sport 2013, 84,
68-78. [CrossRef] [PubMed]

Sjostrand, P. 2022-2024 Teamgym Code of Points Seniors and Juniors; European Gymnastics: Lausanne, Switzerland, 2022; Available
online: https:/ /backend.europeangymnastics.com/sites/default/files /paragraph/document/2022TeamGymCodeofPoints.pdf
(accessed on 30 December 2022).

Schollhorn, W.; Chow, ].; Glazier, P.; Button, C. Self-Organizing Maps and Cluster Analysis in Elite and Sub-Elite Athletic
Performance. In Complex Systems in Sport; Routledge: New York, NY, USA, 2014; pp. 145-159.

Davids, K.; Hristovski, R.; Aratjo, D.; Balagué Serre, N.; Button, C.; Passos, P. Complex systems in Sport; Routledge: New York, NY,
USA, 2014.

Hughes, K.; Lemmetty, H.; Sjostrand, P.; Dvoracek, R.; Gryga, P. Directives for Equipment (European Union of Gymnastics). 2013.
Available online: https:/ /www.british-gymnastics.org/technical-information/discipline-updates / teamgym /4298-2013-2016
-teamgym-equipment-directives/file (accessed on 1 April 2022).

Barreto, J.; Peixoto, C.; Cabral, S.; Williams, A.; Casanova, F.; Pedro, B.; Veloso, A. Concurrent Validation of 3D Joint Angles
during Gymnastics Techniques Using Inertial Measurement Units. Electronics 2021, 10, 1251. [CrossRef]

Mo, S.; Chow, D.H. Accuracy of three methods in gait event detection during overground running. Gait Posture 2018, 59, 93-98.
[CrossRef]

Petitjean, F,; Ketterlin, A.; Gancarski, P. A global averaging method for dynamic time warping, with applications to clustering.
Pattern Recognit. 2011, 44, 678-693. [CrossRef]

Keogh, E.J.; Pazzani, M.]. Scaling up Dynamic Time Warping for Datamining Applications. Proceedings of Sixth ACM SIGKDD
International Conference on Knowledge Discovery and Data Mining, Irvine, CA, USA, 20-23 August 2000. [CrossRef]
Petitjean, F,; Forestier, G.; Webb, G.I.; Nicholson, A.E.; Chen, Y.; Keogh, E. Dynamic Time Warping Averaging of Time Series
Allows Faster and More Accurate Classification. In Proceedings of the 2014 IEEE International Conference on Data Mining,
Shenzhen, China, 14-17 December 2014. [CrossRef]

Barth, J. Stride Segmentation during Free Walk Movements Using Multi-Dimensional Subsequence Dynamic Time Warping on
Inertial Sensor Data. Sensors 2015, 15, 6419-6440. [CrossRef]

Adistambha, K,; Ritz, C.H.; Burnett, I.S. Motion Classification Using Dynamic Time Warping. In Proceedings of the 2008 IEEE
10th Workshop on Multimedia Signal Processing, Cairns, QLD, Australia, 8-10 October 2008. [CrossRef]

Bruineberg, J.; Seifert, L.; Rietveld, E.; Kiverstein, ]. Metastable attunement and real-life skilled behavior. Synthese 2021, 199,
12819-12842. [CrossRef]

Mack, M.; Federbusch, S.; Ferber, M.; Heinen, T. Movement prototypes and their relationship in the performance of a gymnastics
floor routine. J. Hum. Sport Exerc. 2020, 15. [CrossRef]

Aratjo, D.; Davids, K.; Chow, J.; Passos, P.; Raab, M. The development of decision making skill in sport: An ecological
dynamics perspective BT-Perspectives on Cognition and Action in Sport. In Perspectives on Cognition and Action in Sport; Nova
Science Publishers: Hauppauge, NY, USA, 2009; pp. 157-169. Available online: http://eprints.qut.edu.au/28514%5Cnfile:
// /Users/tehrandavis/Dropbox/Papers2/Files/ Ara?jo2009_The_development_of_decision_making_skill_in_sport_An_
ecological_dynamics_perspective.pdf%5Cnpapers2:/ /publication/uuid /DISEDADS5-F932-4CA9-822B-38C8B20C29C5 (accessed
on 30 December 2022).

Aratjo, D.; Hristovski, R.; Seifert, L.; Carvalho, J.; Davids, K. Ecological cognition: Expert decision-making behaviour in sport.
Int. Rev. Sport Exerc. Psychol. 2017, 12, 1-25. [CrossRef]

Seifert, L.; Button, C.; Davids, K. Key Properties of Expert Movement Systems in Sport. Sports Med. 2012, 43, 167-178. [CrossRef]
Stergiou, N.; Harbourne, R.T.; Cavanaugh, J.T. Optimal Movement Variability: A New Theoretical Perspective for Neurologic
Physical Therapy. J. Neurol. Phys. Ther. 2006, 30, 120-129. [CrossRef] [PubMed]

Farana, R.; Vaverka, F. The effect of biomechanical variables on the assessment of vaulting in top-level artistic female gymnasts in
world cup competitions. Acta Gymnica 2012, 42, 49-57. Available online: https://www.scopus.com/inward /record.uri?eid=2-s2
.0-84874300176&partnerID=40&md5=1c6df47feld4de01bf373e242ecb5ebd (accessed on 15 April 2022). [CrossRef]
Kochanowicz, A.; Kochanowicz, K.; Niespodzitski, B.; Mieszkowski, J.; Aschenbrenner, P; Bielec, G.; Szark-Eckardt, M. Maximal
Power of the Lower Limbs of Youth Gymnasts and Biomechanical Indicators of the Forward Handspring Vault Versus the Sports
Result. J. Hum. Kinet. 2016, 53, 33—40. [CrossRef] [PubMed]

Fernandes, S.M.B.; Carrara, P; Serrao, ].C.; Amadio, A.C.; Mochizuki, L. Kinematic variables of table vault on artistic gymnastics.
Rev. Bras. Educ. Fisica Esporte 2016, 30, 97-107. [CrossRef]

Prassas, S.; Kwon, Y.H.; Sands, W.A. Biomechanical research in artistic gymnastics: A review. Sports Biomech. 2006, 5, 261-291.
[CrossRef]

Schiérer, C.; Lehmann, T.; Naundorf, F,; Taube, W.; Hiibner, 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, e0213310. [CrossRef]
Atikovi¢, A.; Kazazovié, E.; Kamanjesavi¢, E.; Mujanovi¢, A.N. Estimation correlation of biome-chanical parameters and vault
start value in men’ s artistic gymnastics. Sport Sci. Pract. Asp.-Int. Sci. |. Kinesiol. 2019, 16, 25-30.


http://doi.org/10.52165/sgj.12.1.61-73
http://doi.org/10.1080/02701367.2013.762300
http://www.ncbi.nlm.nih.gov/pubmed/23611010
https://backend.europeangymnastics.com/sites/default/files/paragraph/document/2022TeamGymCodeofPoints.pdf
https://www.british-gymnastics.org/technical-information/discipline-updates/teamgym/4298-2013-2016-teamgym-equipment-directives/file
https://www.british-gymnastics.org/technical-information/discipline-updates/teamgym/4298-2013-2016-teamgym-equipment-directives/file
http://doi.org/10.3390/electronics10111251
http://doi.org/10.1016/j.gaitpost.2017.10.009
http://doi.org/10.1016/j.patcog.2010.09.013
http://doi.org/10.1145/347090.347153
http://doi.org/10.1109/icdm.2014.27
http://doi.org/10.3390/s150306419
http://doi.org/10.1109/mmsp.2008.4665151
http://doi.org/10.1007/s11229-021-03355-6
http://doi.org/10.14198/jhse.2020.152.06
http://eprints.qut.edu.au/28514%5Cnfile:///Users/tehrandavis/Dropbox/Papers2/Files/Ara?jo2009_The_development_of_decision_making_skill_in_sport_An_ecological_dynamics_perspective.pdf%5Cnpapers2://publication/uuid/D95EDAD5-F932-4CA9-822B-38C8B20C29C5
http://eprints.qut.edu.au/28514%5Cnfile:///Users/tehrandavis/Dropbox/Papers2/Files/Ara?jo2009_The_development_of_decision_making_skill_in_sport_An_ecological_dynamics_perspective.pdf%5Cnpapers2://publication/uuid/D95EDAD5-F932-4CA9-822B-38C8B20C29C5
http://eprints.qut.edu.au/28514%5Cnfile:///Users/tehrandavis/Dropbox/Papers2/Files/Ara?jo2009_The_development_of_decision_making_skill_in_sport_An_ecological_dynamics_perspective.pdf%5Cnpapers2://publication/uuid/D95EDAD5-F932-4CA9-822B-38C8B20C29C5
http://doi.org/10.1080/1750984X.2017.1349826
http://doi.org/10.1007/s40279-012-0011-z
http://doi.org/10.1097/01.NPT.0000281949.48193.d9
http://www.ncbi.nlm.nih.gov/pubmed/17029655
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84874300176&partnerID=40&md5=1c6df47fe1d4de01bf373e242ecb5ebd
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84874300176&partnerID=40&md5=1c6df47fe1d4de01bf373e242ecb5ebd
http://doi.org/10.5507/ag.2012.012
http://doi.org/10.1515/hukin-2016-0008
http://www.ncbi.nlm.nih.gov/pubmed/28149408
http://doi.org/10.1590/1807-55092016000100097
http://doi.org/10.1080/14763140608522878
http://doi.org/10.1371/journal.pone.0213310

Sensors 2023, 23, 3240 14 of 14

40.

41.

42.

43.

44.

45.

46.

47.

Schirer, C.; Haller, N.; Taube, W.; Hiibner, K. Physical determinants of vault performance and their age-related differences across
male junior and elite top-level gymnasts. PLoS ONE 2019, 14, e0225975. [CrossRef]

Barreto, J.; Casanova, E.; Peixoto, C.; Fawver, B.; Williams, A. How Task Constraints Influence the Gaze and Motor Behaviours of
Elite-Level Gymnasts. Int. ]. Environ. Res. Public Health 2021, 18, 6941. [CrossRef]

Hiley, M.J.; Jackson, M.L; Yeadon, M.R. Optimal technique for maximal forward rotating vaults in men’s gymnastics. Hum. Mov.
Sci. 2015, 42, 117-131. [CrossRef]

Atikovi¢, A. New Regression Models to Evaluate the Relationship between Biomechanics of Gymnastic Vault and Initial Vault
Difficulty Values. J. Hum. Kinet. 2012, 35, 119-126. [CrossRef] [PubMed]

Takei, Y. Three-dimensional analysis of handspring with full turn vault: Deterministic model, coaches’ beliefs, and judges’ scores.
J. Appl. Biomech. 1998, 14, 190-210. [CrossRef]

Velickovi¢, S.; Petkovié, D.; Petkovi¢, E. A case study about differences in characteristics of the run-up approach on the vault
between top-class and middle-class. Sci. Gymnast. J. 2011, 3, 25-34.

Renshaw, I.; Davids, K.; Newcombe, D.; Roberts, W. A Theoretical Basis for a Constraints-Lead Approach. In The Constraints-Led
Approach: Principles for Sports Coaching and Practice Design; Routledge: New York, NY, USA, 2019.

Ramos, A.; Afonso, J.; Coutinho, P; Bessa, C.; Farias, C.; Mesquita, I. Appropriateness-Based Activities: Reaching Out to Every
Learner. In Learner-Oriented Teaching and Assessment in Youth Sport; Routledge: Porto, Portugal, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1371/journal.pone.0225975
http://doi.org/10.3390/ijerph18136941
http://doi.org/10.1016/j.humov.2015.05.006
http://doi.org/10.2478/v10078-012-0085-6
http://www.ncbi.nlm.nih.gov/pubmed/23487176
http://doi.org/10.1123/jab.14.2.190

	Introduction 
	Materials and Methods 
	Participants 
	Task 
	Instruments and Procedure 
	Data Analysis 
	Statistical Procedures 
	Statistical Validation 


	Results 
	Handspring Tucked Somersault with a Half Twist—Global Analysis 
	Handspring Tucked Somersault with a Half Twist—Phases Analysis 

	Discussion 
	Conclusions 
	References

