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Abstract

Purpose: This study examined how angular-path- and flight-time-guided specific
exercises can be used to improve three-dimensional (3D) Tkatchev straddle
performance on the horizontal bar over 10 weeks of training in advanced male
gymnasts.

Methods: Six testing sessions were conducted with five high-level male gymnasts,
who were required to perform two valid Tkatchev straddle attempts at each testing
session (pre-test, four intermediate tests, and post-test). A total of 60 trials were
included in the analyses. Three synchronised high-speed cameras (240 frames-s™)
were used to reconstruct the movement coordinates, along with a calibrated three-
dimensional reference frame and a common light-emitting-diode synchronisation
signal for direct linear transformation. The release-related variables and technical
scores were analysed for both attempts, and flight time and anteroposterior
displacement to regrasp were analysed only for successful attempts.

Results: There was a non-linear trend in performance throughout the programme. The
percentage of successful completion increased from pre-test (50%) to intermediate
test 1 (70%), decreased at intermediate test 2 (40%), and then increased to 80%, 90%,
and 100% at intermediate tests 3 and 4 and post-test, respectively. From pre-test to
post-test, release elevation angle increased from 49.98 + 2.48° to 62.32 + 1.64°, flight
time increased from 0.512 £ 0.029 s to 0.726 + 0.025 s, and technical score increased
from 4.31 £ 0.59 to 7.91 + 0.47 points. There was an increase in maximum vertical
displacement and a decrease in anteroposterior displacement to regrasp. The vertical
component of release velocity increased by 35.02%, and the horizontal component of
release velocity decreased by 15.48%, indicating that the release-velocity vector
became more vertical. Friedman tests showed significant differences across the six
testing occasions; however, no specific pre-to-post comparisons were significant at o
=0.05.

Conclusions: The gymnasts improved their release direction, flight characteristics,
technical execution, and successful completion at the end of the guided training
programme. However, given the small sample size and absence of a parallel control
group, the results should be interpreted only as changes consistent with the
intervention and not necessarily as effects caused by the intervention.

Keywords: horizontal bar, artistic gymnastics Tkatchev straddle, 3 dimensional
kinematics, direct linear transformation, flight time.
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Highlights

* Thirty training units were employed that provided three-dimensional angular-path
and flight-time feedback for phase-specific correction.

* The two highest marks (out of two attempts) for each gymnast on each trip would
remain and would not rely on only one best mark.

* The release variables and technical scores of all attempts were analysed and the
regrasp-dependent outcomes of the successful attempts were analysed.

* Completion fell off at the intermediate test 2 level then rose to 100% at the post
test.

1. Introduction

The energy generated during the giant swing in men's horizontal-bar release and
regrasp skills should be transferred into a suitable flight path to enable the gymnast to
safely catch the bar. One such skill is the Tkatchev. Execution involves coordinating a
number of movements, including the pre-release swing, body position, timing of
release, flight path, straddle shape, visual orientation, arm preparation and regrasp.
These movement components are closely related. Good straddle presentation will not
correct the release if the gymnast goes in the wrong direction. Likewise, if the
gymnast is unable to maintain the correct backward flight angle or body position, or if
the flight time is too short, the release may be well timed and still result in a missed
catch.

Biomechanical studies can help to understand complex gymnastics movements
through motion analysis, mechanical modelling, optimization and application to
coaching practice (Gervais & Tally, 1993; Prassas et al., 2006). Three-dimensional
analysis is helpful for release and regrasp skills because these movements do not
necessarily have to occur in one plane. It can detect mediolateral deviations and axial
rotations that may not be seen or reported in the sagittal plane. In previous studies of
the giant swing and Tkatchev, the importance of regulating energy before release,
controlling the release window and coordinating whole-body movement during the
transition to flight has been highlighted (Yeadon & Hiley, 2000; Arampatzis &
Brueggemann, 2001; Hiley et al., 2007; Hiley & Yeadon, 2012).
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Moreover, it has been shown that during elite high-bar long swings, gymnasts employ
different coordination strategies depending on their age, experience, anthropometric
characteristics and task demands (Burton et al., 2023). Examples of common coaching
cues are "go higher," "release later," or "open more quickly." They may not, however,
be able to identify the time and location at which a technical mistake was made, and
their meaning may vary from one gymnast to another.

Angular-path feedback might convey more information regarding the path of the
whole-body centre of mass at the end of the swing and at release. Flight-time
feedback can be used to assess the time available to perform the straddle position,
locate the bar visually, return the arms and prepare for regrasp. In the present study,
these measures were not considered a general standard that all gymnasts should strive
for. Rather, they were used as specific assessments of key technical weaknesses based
on motor-learning principles and augmented feedback (Winstein & Schmidt, 1990;
Waulf et al., 2002; Schmidt et al., 2019; Magill & Anderson, 2021).

Another important difference is between the best performance that a gymnast can
produce and the performance typically observed during a testing session. If a gymnast
performs one successful attempt, it may indicate that the gymnast can perform the
skill, but it does not necessarily mean that the skill is stable or repeatable. More than
one attempt per session provides a more representative average performance. Some
variables, however, are measurable only when the gymnast is able to regrasp the bar.
Both official attempts were therefore used to calculate release-related variables and
technical scores, while only successful attempts were used to calculate flight time and
anteroposterior displacement to regrasp. It was decided that the completion rate would
be analysed separately so that the failure rate would be included in the overall picture
of performance.

1.1 Previous biomechanical studies of the Tkatchev and the present contribution.

Arampatzis and Brueggemann (2001) looked at the mechanical and energetic aspects
of the giant swing that leads into the Tkatchev, including the transfer of energy from
gymnast to apparatus. The importance of a narrow release window was demonstrated
by Hiley et al. (2007) who examined release/regrasp consistency. Hiley and Yeadon
(2012) investigated how variability of coordination, strength and flexibility affects the
ability to repeat a movement. Irwin et al. (2017) analyzed the functional phases of
elite Tkatchev and Kovacs performances, whereas Lim (2019) studied timing
relationship between swing and airborne phases. Nakatani et al. (2020) identified
some coaching factors to consider with the stretched Tkatchev.

The closest intervention evidence comes from the feedback studies conducted by
Back and colleagues. Back and Son (2008) followed one national-level gymnast
performing the stretched Tkatchev during an eight-week case study. Three-
dimensional analysis identified a low and distant centre-of-mass trajectory, deviations
in body shape, hip flexion during flight, and limitations in post-release action.
Corrective work addressed shoulder-extension timing, the duration and timing of the
tap, coordination of hip action, and shoulder position during body lift. The published
abstract reported improvements in flight elevation and body presentation but did not
report an increase in vertical release velocity.
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Back et al. (2010) also implemented an eight-week technical-training programme that
combined basic swing practice with chest and shoulder extension, leg action, hand
release, bar regrasp, and assisted performance. They reported longer flight time,
improved balance between the ascending and descending portions of flight, a higher
centre-of-mass path after release, and better organisation of the whip swing and
lower-limb action. Together, these studies established useful precedents for
intervention duration, feedback content, three-dimensional analysis of the swing-to-
regrasp sequence, and phase-specific technical practice.

The present study should therefore be regarded as an applied extension of earlier
Tkatchev interventions, rather than as the first use of technical feedback or three-
dimensional analysis for this skill. Its contribution lies in the combination of angular-
path and flight-time feedback with exercise selection; repeated monitoring of five
advanced gymnasts at pre-test, weeks 2, 4, 6, and 8, and post-test; retention of two
official attempts at each occasion; separate treatment of all-attempt and regrasp-
dependent outcomes; and concurrent reporting of completion rate, individual
trajectories, group summaries, derived release-velocity components, and blinded
judge ratings. This repeated, phase-specific approach is also consistent with high-bar
learning research that has used biomechanical monitoring to guide technical
progression (Irwin & Kerwin, 2005; Williams et al., 2015).

1.2 Study Purpose and Hypotheses

The purpose of this research was to provide a description of the modifications in 3
dimensional Tkatchev straddle performance over a 10 week period of adaptation to a
particular exercise programme utilizing angular-path and flight-time feedback for
advanced male gymnasts. A pilot test was conducted on 17th February 2025. Formal
data collection was conducted at pre-test, four intermediate tests (6 March, 20 March,
3 April and 17 April 2025) and post-test (8 May 2025). Pre, IT1, IT2, IT3, IT4 and
Post in the tables refer to the six analytical occasions, for brevity.

Four hypotheses were examined: (1) the spatial orientation and elevation of the
release-velocity vector would differ across the six occasions; (2) successful flight
time, maximum vertical displacement, and anteroposterior displacement to regrasp
would differ over the programme; (3) spatial shoulder angle, resultant trunk angular
velocity, technical score, and completion rate would differ across occasions; and (4)
the full sequence would show a systematic, although not necessarily linear, temporal
pattern consistent with the training programme. Practical interpretation considered the
direction and magnitude of change alongside the inferential results.

2. Methods

2.1 Study design and timeline

A within-athlete repeated-measures design was used to examine changes within the
athlete across 6 assessment points. Intervention lasted 10 weeks and consisted of 30
training sessions (thrice weekly). Assessments were conducted at Pre (20 February
2025), IT1 (6 March 2025), IT2 (20 March 2025), IT3 (3 April 2025), IT4 (17 April
2025), and Post (8 May 2025). Only a small number of high level gymnasts qualified
for inclusion in this design and therefore it was considered appropriate. Each athlete
was his own control and the longitudinal changes in performance were measured over
time with repeated assessments. The repeated-measurement design identified changes
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that were associated with the intervention, but did not allow for strong conclusions
about the causal relationship because there was no parallel control group.

Table 1. Timeline test of the ten-week study.

Study stage Date Analytical role
Pilot trial 17 February 2025 Procedure Cgfl‘;lf;:i’;duded from

Pre 20 February 2025 Baseline

IT1 6 March 2025 End of training block 1

IT2 20 March 2025 End of training block 2

IT3 3 April 2025 End of training block 3

1T4 17 April 2025 End of training block 4
Post 8 May 2025 Final analytical occasion

2.2 Participants

Five advanced male gymnasts who were already able to perform Tkatchev straddle
with qualified supervision were involved. Their age was 20-24 years old, height was
161-168 cm, body mass was 59-66 kg, and the years of gymnastics experience were
12-16 years. To be eligible the individual had to be of advanced competitive status,
have prior supervised training on the release-and-regrasp skills, no injury that
impaired horizontal-bar performance and the capacity to complete the standardised
testing protocol.

Table 2. Characteristics of the Participants

Participant Age (y) Height (cm) Body mass (kg) Training(;!)&perience
Pl 22 165 63 14
P2 21 162 60 13
P3 24 168 66 16
P4 23 164 62 15
P5 20 161 59 12
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2.3 Testing Conditions and Equipment.

The videos were loaded into SkillSpector version 1.3.2 to track anatomical landmarks
semi-automatically, manually frame by frame and reconstruct three-dimensionally via
direct linear transformation (DLT; Abdel-Aziz and Karara, 1971). The average three-
dimensional root-mean-square reconstruction error was 0.004 m (4 mm; axis-specific
DLT error 3 mm X, 3 mm Y, and 4 mm Z). The laboratory reference frame was
determined in such a way that X indicated anteroposterior movement with respect to
the bar, Y indicated mediolateral movement and Z indicated vertical movement. A
rigid calibration structure (2.0 x 2.0 x 2.0 m) was put in the performance volume
before each test. It had 24 control points with known X, Y, and Z coordinates that
were spread out in three depths and heights to prevent coplanarity and enhance the
stability of DLT. Each camera filmed the structure and the structure was subsequently
removed without any changes in camera position, camera orientation, zoom, focus
and recording settings. The common temporal reference was a light-emitting diode
flash which was visible in all three views. Each frame (240 frames-s™) corresponded
to about 4.17 ms. The identification of LED event was made on an individual basis in
each recording and the image sequences were aligned prior to digitisation. The optical
axes of the cameras were at non-collinear positions and intersected the calibrated
performance volume that was calibrated. The camera 1 was placed at a distance of
about 12 m to the volume and height of 1.5 m and an azimuth of an approximate of
45° (anterior-right oblique view). The distance of Camera 2 to the performance
volume was also around 12 m and 1.5 m high with an azimuth of around 135°
(anterior-left oblique view). The distance of Camera 3 was about 15 m and was 1.5 m
high and gave a side view of the main direction of movement at about 90°. This setup
ensured that the gymnast, bar, release trajectory, and the regrasp region were visible
and offered appropriate intersection angles between rays of the camera. The recording
of every performance was at 240 frames's™' and 1920 x 1080-pixel resolution with
three GoPro HERO12 Black cameras. The shutter speed was set at 1/1000 s to
minimize motion blur during the giant swing, release, flight and regrasp. All
recording parameters (exposure, indoor lighting, placement of apparatus, landing
mats, camera geometry, field of view, zoom, focus) were kept constant between
sessions.

2.4 Standardised Testing and Attempt Evaluation.

The gymnasts on each measurement day underwent a general warm up and
horizontal-bar specific preparation and two familiarisation attempts. Two subsequent
performances were identified as the official attempts and stored to be analyzed at
session-level. Release elevation angle, resultant release velocity, maximum vertical
displacement, spatial shoulder angle, resultant trunk angular velocity, and technical
score were calculated for successful and unsuccessful attempts. Only when renewed
hand-bar contact occurred were flight time and anteroposterior displacement to
regrasp calculated. All the attempts were also marked as successful or unsuccessful in
order to be able to report the completion rate separately. To calculate release variables
and technical score, the two official attempts were averaged within gymnast and
occasion then group-level analysis was done. In case either or both of the attempts
were successful, the average flight time and anteroposterior displacement were
obtained with respect to the successful attempts only. Unsuccessful trials were not
given a zero flight time and time to mat contact was not taken as an alternative to
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release-to-regrasp time. Mediolateral displacement was checked to assess out-of-plane
drift though not replaced with the prespecified anteroposterior outcome. The start of
digitisation was 10 frames before the chosen sequence of movements and the end of
digitisation was 10 frames after the end of the sequence. In successful attempts the
sequence continued until renewed hand-bar contact. In the case of failure, it
terminated prior to the final identifiable skill event before contact with the mat or
movement was stopped. The 10-frame margin at 240 frames/s corresponded to about
41.7 ms at each end of the signal as well as to facilitate filtering and numerical
differentiation around the ends of the signal.

2.5 Event definitions and kinematic variables

The spatial shoulder angle at release was defined as the three-dimensional included
angle between the trunk reference vector (pelvic midpoint to shoulder midpoint) and
the humeral vector (acromion to elbow-joint centre). Right and left shoulder angles
were calculated separately and averaged when a bilateral value was required.

The three-dimensional angular-velocity vector of the trunk was derived from frame-
to-frame changes in the trunk rotation matrix over the 0.004167-s sampling interval.
Resultant trunk angular velocity was calculated as © = V(0,2 + 0,2 + ®_z2).

The trunk was represented as a rigid body using the right and left acromia and the
right and left anterior superior iliac spines. Shoulder and pelvic midpoints defined the
longitudinal trunk vector, the bilateral acromial vector defined the mediolateral axis,
and the third orthogonal axis was obtained by cross-product. Trunk orientation
relative to the global reference frame was expressed with a ZYX Euler sequence.

Segment centres of mass were estimated from the reconstructed landmarks with a
link-segment model based on segmental mass proportions (de Leva, 1996). Whole-
body centre of mass was then calculated as the mass-weighted sum of the segment
centres. Linear velocity was obtained from the first derivative of the filtered three-
dimensional position data, and resultant speed was calculated as v = V(v,2 + v,? +
v_7%).

Signal endpoints were managed by reflection padding before forward-reverse
filtering. The reflected samples were removed after filtering so that the original
analysis interval was retained. Filter order, cut-off frequency, and endpoint treatment
were identical for every participant, attempt, and coordinate.

Coordinate trajectories were smoothed with a second-order Butterworth low-pass
filter at an 8-Hz cut-off. Applying the filter in forward and reverse directions removed
phase shift and produced an equivalent fourth-order response. The cut-off was
selected through residual analysis across candidate frequencies and visual comparison
of filtered and unfiltered trajectories to preserve the rapid movements associated with
the skill (Woltring, 1986).

DLT was used to reconstruct the X, Y, and Z location of individual landmarks using
the two-dimensional image coordinates and known control-point coordinates.
Implausible changes in segment length, spikes, and discontinuities of reconstructed
trajectories were checked before filtering. To check intra-rater repeatability, three full
attempts were re-digitised by the same analyst after two weeks without reference to
the original coordinates. The repeatability value was then high with the resulting ICC
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of 0.96, indicating that this limited check has a high level of repeatability (Atkinson
and Nevill, 1998; Weir, 2005).

When a landmark was obscured for fewer than five consecutive frames, cubic-spline
interpolation was used only if continuity was supported by adjacent frames and the
remaining camera views. Occlusions lasting five frames or more were addressed by
manual re-digitisation from alternative views, using anatomical segment relationships
and trajectory continuity. Any interval that could not be reconstructed reliably from at
least two views was excluded from the affected outcome calculation.

Initial landmark tracking was performed semi-automatically in SkillSpector and then
inspected and corrected frame by frame. All digitisation was completed by one
biomechanical analyst with five years of experience in three-dimensional kinematic
analysis and previous involvement in more than 10 research studies.

Release was the first synchronised frame in which both hands had lost contact with
the bar. Regrasp was the first synchronised frame showing renewed hand-bar contact.
Flight time was calculated by dividing the number of frames between these events by
240 frames-s™.

Table 3. Operational definitions of the study outcomes

Variable Operational definition

Elevation of the three-dimensional whole-body centre-of-mass
Release elevation angle velocity vector at release relative to the horizontal plane of the
global reference frame.

Magnitude of the reconstructed whole-body centre-of-mass velocity

Three-dimensional resultant release veloci
ty vector at release: V(v,2 +v,2 +v_z2).

Highest Z-axis displacement of the whole-body centre of mass

Maximum vertical displacement during flight relative to the calibrated study reference.

X-axis travel of the whole-body centre of mass from release to

Anteroposterior displacement to regrasp renewed hand-bar contact; available only after successful regrasp.

Three-dimensional included angle between the trunk reference

Spatial shoulder angle vector and the humeral vector at release.

Magnitude of the three-dimensional angular-velocity vector of the

Resultant trunk angular velocity trunk near release

Time from the first frame without hand-bar contact to the first frame

Flight time of renewed contact; available only after successful regrasp.

Mean of the two middle ratings after the highest and lowest of four

Technical score independent judge ratings were excluded.

Successful regrasps divided by the total number of official attempts

Completion rate x 100.

Vertical component of whole-body centre-of-mass release velocity:

Vertical release velocity v z=v sin(0)

Magnitude of the projection of whole-body centre-of-mass release

Horizontal-plane release-velocity magnitude velocity onto the global X-Y plane: v_hp = v cos(6).

2.5.1 Derived three-dimensional release-velocity components

Two release-velocity components were derived from the measured resultant whole-
body centre-of-mass velocity (v) and its elevation angle (0) relative to the horizontal
plane. Vertical release velocity was calculated as v_z = v sin(0), and horizontal-plane
release-velocity magnitude as v_hp = v cos(0) (McGinnis, 2020). The horizontal-
plane value represents the magnitude of the projection onto the global X-Y plane and
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is not equivalent to the anteroposterior X-component alone. Both variables were
available for successful and unsuccessful attempts and were averaged across the two
official attempts within each gymnast and occasion. This decomposition was used to
determine whether changes in resultant speed reflected a larger vertical component, a
smaller horizontal-plane projection, or both.

2.6 Angular-path and flight-time feedback

At the end of the giant swing and release the direction of the path of the whole body
centre of mass (3-D) was specified by angular-path feedback. The up and front-and-
back movements were assessed from the reconstructed X-Z trajectory, while the Y co-
ordinate was scrutinized to determine if there was a mediolateral drift. The coach
compared the trajectory of each gymnast against an individualised target corridor -
visually and by reviewing the 3 camera perspectives. Frame counts and auditory
feedback were used to provide flight-time feedback to aid in coordinating the release,
straddle display, and arm return, as well as the preparation of regrasp. Progression
was based on repeatable control of the phase targeted and not attaining one value in
one trial.

2.7 Technical Performance Assessment.

The official attempts from each video were independently rated from four
experienced gymnastics judges in a coded video. They only assessed the technical
performance and not kinematic processing, exercise prescription or statistical
analysis. It was not possible to determine the testing occasion from the files and
judges were not told the order in which the intervention was given. A regular score
sheet was used, but it contained the categories of swing and entry, release, flight and
straddle, regrasp, and continuity. There was an appropriate technical deduction made
for the unsuccessful or incomplete regrasps. In every attempt; the maximum and
minimum of the four ratings were dropped and the remaining two ratings were
summed and then divided by the two to get the technical score. The two- way
random-effects, absolute-agreement coefficients were ICC(2,1) = .989 with one judge
and ICC(2,4) = .997 with the average of the four judges (Shrout & Fleiss, 1979).

2.8 Structured Training Programme - Applied Training Programme.

The programme was designed to utilize corrective practice with each gymnast
building on a skill they already have, and NOT to be a new skill. For each unit three
exercises were selected, based on the skill of controlling the release path, or an aerial
organisation/preparation for regrasp. Typically, the exercise periods were of 45-60
min where the exercise prescription involved 2-4 attempts per exercise for 1-3 sets of
exercises with a rest period between attempts of 30-60 s and between sets of 3-5 min.
There were 13-33 planned attempts per unit during regular training units, but
purposefully reduced to 6-8 attempts during assessment and taper units (units 24 and
28-30). These intervals ensured that immediate feedback and partial recovery was
allowed and that high-speed work remained with good quality of movement. Due to
failure to achieve the technical progression criterion, actual volume may be less than
the expected volume. Movement quality progressions. A set was declared a loss if a
loss of release direction, loss of aerial organization or re-grain of control occurred. If
the previous phase criterion was achieved across all, then task difficulty and/or
assistance was then changed. Prescription of the content in each unit is summarized in
Table 6 and the development of the ten weeks is summarized in Table 4.
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Table 4. Progressive exercise training over 10 weeks specific to the exercise.

Phase Primary objective Units/week Difficulty level Planned attfe mpts
per unit

Establish the release .

Weeks 1-2 path and reduce early 3 Supp Onigsirsld partial 24-33
release

Increase flight time . .

Weeks 34 and coordinate release 3 Assisted ﬂ.lght and 21-33
. . reduced-height tasks
with straddle action
Integrate aerial
. organisation and Targeted coordination B
Weeks 5-6 control of the return 3 tasks 2133
path
Stabilise the complete L.
Weeks 7-8 sequence and prepare 3 Mainly independent 6-23
full-sequence tasks
for IT4
Consolidate Independent
Weeks 9-10 performance and 3 sequences and test 618
taper toward Post rehearsal

Based on the biomechanical indicators and the most prevalent technical errors that
occurred in the gymnasts who participated in the study, 10 corrective exercises were
created. Each exercise is described in Table 5, where the aim of the exercise, the
preparation and how to execute the exercise, and the technical criteria by which the
exercises are assessed by the coach are listed.

Table 5. Description of the specific exercises used in the training programme.

hands simultaneously and opened
into a straddle prior to safe
landing/assisted hand contact.

ID Exercise |Primary target Preparation and execution Main technical requirements
The coach set up a soft target in the
release area for each gymnast. The Keep the long down arm motion
Individual gymnast performed the downswing oing and keep shoulders movin,
Early release or |in a controlled hang/preparatory gomg ar P &
release-path . . . Target is not a head/hand target,
El1 | drill with a excessive swing and executed the upswing, but a visual reference. Release
suspended forward utilising the target to identify the when the body is to be. Jaunched
usp projection  |direction of the body swing. Once Y
visual target . upward and attempt to keep
the trajectory could be repeated, the forward motion to a minimum
practice transitioned to a full release ’
or a supported/partial release.
The bel, ropes, mats and bar area The Belt should not be used for the
were then inspected and the gymnast mnast to swine and release from
Spotting-belt followed with preparatory swings ﬁ?e bar Elbowsgremain straicht at
Tkatchev Flight-path  |and then a Tkatchev straddle. The the exit. and lees are wide an dgo en
E2 | with graded | awareness and |coach provided just enough support evenl withg hands returnIiJn
flight confidence [to maintain the desired flight path towar}(]is bar.  With re eatei
assistance and allow the straddle, visual ’ P
. . movements, gradually decrease
orientation, arm return and regrasp to support
be completed. pport.
A low ba§ or rgduced height b A Was | pelease before opening the legs.
set up with thick mats behind and
Both hands should leave together,
under the apparatus. The gymnast .
Reduced- and both legs should open quickly
height release | Release-to- extended through the shoulders and and symmetrically with straight
E3 an(gi delayed- | straddle timing hips  from a  small controlled knees yand pointZd feet Aviid
straddle drill swing/supported entry, released both premature straddling, excessive

trunk collapse, and looking down
toward the mat.
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ID Exercise | Primary target Preparation and execution Main technical requirements
A i st and apposed ap SIS P i
Light- extension  without = pulling the abdomen engaged. Do not overl
18 S gymnast out of alignment. In a saged. 2 . Y
resistance Rapid hip . extend the lumbar spine, flexing the
. . . supported hanging or floor rehearsal . . .
E4 | hip-extension | action before - knees will provide sufficient space,
of the final swing phase, the gymnast
rehearsal release . . do not throw the head back
before release moved rapidly from a slightly closed excessively and apply too much
position into hip extension and then . .
returned under control resistance to the lumbar motion of
) the release.
The  auditory stimuli ~ were
corresponding with the individual
gymnast's flight time that was|Use the cues as timing cues, do not
Individual measured during successful flights. [delay the catch. Maintain natural
flicht-timin Aerial timing |With an assisted release or a full |release, find the bar early and make

E5 dgrill withg and arm-return |release, the first cue was used for|both arms quickly. Modulate the

auditory cues preparation | release and the second for the time to | interval one to one and remove the
Yy prepare the arm. The gymnast then | cues when they are not necessary to
performed the straddle and started to | maintain the timing.
move both arms back to the bar in
that tempo.
A large landing mat was placed in
front of the mini-trampoline. The
gymnast bounced in and out of
Mini- familiarization and then made a Organize the trunk, match both
. Straddle vertical take-off from the floor, g ’ .
trampoline symmetry and |opened quickly into a balanced legs, lengthen knees and point the
E6 :ﬁ;a(id;fl;i trunk straddle at the peak of the flight or zieeté tDonr;:z:t’ gaztoojzge\zg:s;he
P . organisation | close to it, then closed the legs under ’ . Y
landing drill control and positioned the arms in straddle or land with locked knees.
the position which would allow them
to locate and return to the bar before
landing.
The drill employed manual spotting,
belt support or a swing with a|Hold on until the designated release
reduced amplitude. The gymnast's |time at ease, avoid early bending of
Assisted last upswing had long arms and|elbows, and release both hands
E7 long-arm Premature active  shoulders, covered the|simultaneously. Head neutral and
release- elbow flexion |required release area and opened|carry out the body line on hand
position drill both hands at the prescribed time.|release. Slowly wean  when
The coach then safely brought the|extended release position is
gymnast to the mat or into an|consistently made.
assisted Tkatchev.
A marker was placed in the vicinity | Focus on target as returning to bar,
Catch-line of the catch region but not in the bar |have hands prepared and actively
visual . . or spotting system. The gymnast|moving shoulders as body is turned
. . Visual location .

E8 orientation of the bar and looked at the marker (and bar, during |back. Do not look at only the
and bilateral rearasp line |2 complete Tkatchev) and both arms | marker, Also do not reach with one
hand-return £rasp were moved forward and up to|arm, take the arm back etc., or bend

drill regrasp during assisted flying or afthe arm on the elbow before
complete Tkatchev. contact.
Light elastic band was used around N .
: . Maintain a square pelvis and
thighs or lower leg during safe coordinate speed, timing and range
Light-band supported drill. The gymnast started of both le 5 Ke’:e knies strai gilt
dgrill for in a closed-leg position and then and feet gointin pstrai ht ahe%ld
. Asymmetrical |spread his/her legs together against P S £ o
E9 | symmetrical . . . The band provides light tactile
leg action light resistance, extended to an even .
straddle feedback, and does not limit
. straddle and closed them together| . . .
opening circulation, change the alignment

under control. The band was taken
off when the pattern was -easily
repeatable.

or be used during an unsafe full-
flight attempt.
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ID Exercise | Primary target Preparation and execution Main technical requirements
Maintain the balance and rhythm
Gymnast performed the giant swing, Fhroughout the gntlre sequence. The
. e improvements in one phase should
followed through with the individual
Complete . not be at the expense of another.
Transfer to  |release path, opened straddle into the
El Tkatchev . Decrease complete attempts when
independent | bar, pulled both arms back, regrasped | ;. . .
0 straddle . . .| directional changes or shape in the
performance |and performed a giant swing again.| .
sequence air, hand return or smoothness
One or two cues for feedback were Lo .
iven on the predominant error changes due to fatigue; progression
& ’ is based on repeated attempts, not
one remarkable attempt.

Workout mixes, the ranges of intensities, the number of sets, reps, volume, rest, and
distribution of the 30 units are presented in Table 6. Exercise codes E1-E10 are the
complete descriptions listed in Table 5.

Table 6. Training unit schedule of the 30 specific units of training.

Primar LHETIICH Sets x Total
Unit / date mary Exercises (codes from Table 5) | intensity Rest
objective (%) reps volume
| Build the
23Fcb | Aneularpath gy gy ps 6570 | TBIE L g 45s/3
and reduce 2x3 min
2025
carly release
2 . 2x3
25 Feb llmprtqvq El; E2; E3 68-72 3X33’X3’3X3’ 27 45s/3
2025 release timing min
3 Stabilise ) )
27 Feb release  |El; E4; E7 70-72 3“;;3;4’ 30 45m y r/l 3
2025 direction
4 Increase ) .
2 Mar release-angle |E1; E3; E2 70-74 3x3; 3x4; 30 45-60s/3
3x3 min
2025 accuracy
5 . . . . .
4 Mar Link hip drive E4: E7: B6 7275 3x4; 3%3; 33 45-69 s/3
to release 3x4 min
2025
6 IT1: evaluate ) .
6 Mar phase-one |El; E2; E10 (assisted) 74-76 3%3;3%3; 24 60 s:/ 3
2x3 min
2025 control
7 . ) .
oMar | 1rense e s g6, g E I S B 60513
2025
8 Connect . .
11 Mar release and |E3; E9; ES 76-79 3X‘;’X33X4’ 33 6?;“/1 3
2025 straddle action
9 %3
13Mar | IS g B2 G 7880 | TYIF a3 008034
2025 vertical flig min
10 Improve aerial 3x3; 3x4; 60s/3-4
16 Mar blg b oo |ESSE9E8 78-81 o 30 o
2025 Y shap
11 Integrate flight . .
18Mar | andcatch |E6;ES; E10 (assisted) g0-g2 | 2433 30 60 /4
. 3x3 min
2025 preparation
12 1T2: mid-
20 Mar | PrOSMaMME Ipy s B10 (assisted) g0-83 | 23243 21 60s/4
technical 3x3 min
2025 .
evaluation
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Primar Planned Sets x Total
Unit / date ymary Exercises (codes from Table 5) | intensity Rest
objective (%) reps volume
13 Control the ) .
23 Mar return line to |E8; E2; E7 81-84 3 Xé’xéxj” 27 6?;11/1 4
2025 the bar
14 Improve trunk . .
25 Mar andleg  |E6; E9; E4 8285 | Ik 33 60s/4
.2 3x3 min
2025 organisation
15 Increase . .
27 Mar regrasp E8; E10 (assisted); ES 83-86 3%3;3x%3; 27 60 s /4
3x3 min
2025 accuracy
16 . .
s0Mar | egrateall g pe k10 (independent) sa-87 | ZEINT gy 60s/4
skill phases 3x3 min
2025
17 Increase . .
1 Apr successful  |E2; ES; E10 (independent) 85-88 2x3;3x3; 24 60 S./4
. 3x3 min
2025 completion
18 IT3: evaluate . .
3 Apr technical ES5; E8; E10 (independent) 86-89 2x3;2x3; 21 60 S./4
. . 3x3 min
2025 integration
19 Stabilise . Lo, ) .
6 Apr independent g ()(rgﬁ:icie-p:r'i}éerggearsal), E8; 87-90 2X33’X23X3 ’ 21 60 ;ﬁ/;l—S
2025 performance P
20 Maintain 2x4;2%3; 60s/4-5
8 Apr . E9; E5; E10 (independent) 88-91 ’ ’ 23 .
technical form 3x3 min
2025
21 Replicate ) .
10 Apr competition |E7; E8; E10 (judge-evaluated) 89-92 2x3;2x3; 21 60 ¥ /3
.. 3x3 min
2025 conditions
Stabilise
22 performance ) .
13 Apr under | E4; E8; E10 (paired attempts) 90-93 2%3;3’ 18 6‘1)13 li 3
2025 controlled
fatigue
23 Prepare for 2x3;2x%3; 60s/5
15 Apr pare 1 E1; E2; E10 (independent) 88-92 ’ ’ 18 .
final testing 3x2 min
2025
24 IT4: technical |E1 (guided); E10 (assisted 1x2: 1x2:
17 Apr | and kinematic |rehearsal); E10 (two official 90-95 1’X2 ’ 6 3-5 min
2025 evaluation | attempts)
25 Consolidate . .
20 Apr | release-vector |El; ES; E10 (independent) 88-92 23, 23; 18 60 S /3
. 3x2 min
2025 direction
26 Improve post- . . . . .
22 Apr catch g8aEel_(ie(pie:ree(11 ?ttempts), E10 38-93 2X33,X22X2, 16 6?n s1 ,ﬁ 5
2025 continuity udge-review
Stabilise
27 technical . )
24Apr | execution |E7;E10 (independent); ES goo3 | UIIEL 3 60s/3
2025 under reduced
assistance
28 .
Sharpen final | El (guided); ES; E10 (two 1x2; 1%2; .
2270/;? testing rthythm | official attempts) 88-92 2x2 8 3-5 min
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Primary Planned Sets x Total
Unit / date .. Exercises (codes from Table 5) | intensity Rest
objective (%) reps volume
Reduce
29 volume and E1 (low-volume rehearsal); E2; 1x2; 1x2;
29 Apr preserve E10 (independent) T 85-90 2’X2 ’ 8 3-5 min
2025 movement
quality
30 Final pre-post- | E1 (guided); E10 (assisted 1x2: 1x2:
1 May test rehearsal); E10 (two official 85-90 1,><2 ’ 6 3-5 min
2025 preparation | attempts)

Note. Exercise codes E1 to E10 are given in Table 5 and intermediate test codes IT1
to IT4 represent the four intermediate tests. The percentages of intensity are the same
as those provided in the coach-planned technical demand index from the programme
log and should not be viewed as a physiological measure of intensity. Sets +
repetitions of the three exercises equals total volume. A set was ended if there was a
decrease in release direction, aerial shape or regrasp control. Generally, rest between
attempts of 30-60 s and between sets of 3-5 min (longer rest in testing units).

2.9 Statistical analysis

A single session-level value of each gymnast was used in the inferential analysis for
each occasion. Results are presented as mean (s.d.), individual time courses,
percentage change from occasion to occasion, absolute difference between the two
official attempts and completion rate. k = 6 repeated occasions were analysed. For
Friedman tests, then, df = 5, and Kendall's W was computed as y*/[n(k — 1)]. The six-
occasion Friedman tests are complete cases for flight time and anteroposterior
displacement, since P4 did not have a successful attempt at IT2. Completion was
analysed from each gymnast's session percentage which was 0%, 50% or 100%
completion on two official attempts. All available paired values were used to compare
Pre with Post using exact two-sided Wilcoxon signed-rank tests. All 15 exploratory
pairwise comparisons between occasions were also performed with exact two sided
probabilities and considered separately for each outcome and corrected according to
Holm's procedure (Friedman, 1937; Holm, 1979; Kendall & Babington Smith, 1939;
Wilcoxon, 1945). Two-sided tests were chosen, as change in either direction was
thought to be of interest. The level of significance was set at o = 0.05, and the effect
size was also taken into account, along with the temporal order, interpretation of
effect size, and the limitations of the small single-group design.

The dataset comprised 60 observed field attempts: two attempts from each of five
gymnasts at Pre, IT1, IT2, IT3, IT4, and Post. No observed value was altered or
imputed. Release variables and technical score were available for all attempts; flight
time and anteroposterior displacement were available only after a successful regrasp,
in accordance with their operational definitions.

Each official attempt was coded as successful (regrasp = 1) or unsuccessful (0). The
two attempt-level observations were aggregated to one completion percentage per
gymnast and occasion, preventing repeated attempts from being treated as
independent observations. Completion was then analysed with the same repeated-
measures framework as the other outcomes. Given the five-gymnast sample, all
inferential findings were interpreted as exploratory and limited in precision.
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3. Results

3.1 Data completeness and completion rate

The analytical dataset contained 60 attempts: 50 from Pre through IT4 and 10 from
Post. Release variables and technical score were available for every attempt, whereas
flight time and anteroposterior displacement to regrasp were available only after
successful regrasp. Successful attempts numbered 5/10 at Pre, 7/10 at IT1, 4/10 at
IT2, 8/10 at IT3, 9/10 at IT4, and 10/10 at Post. Completion therefore increased from
50% to 100% across the study, with a temporary decline to 40% at IT2.

Table 7. Successful completion across testing occasions

Occasion Successful attempts Total attempts Completion rate
Pre 5 10 50%
IT1 7 10 70%
1T2 4 10 40%
1T3 8 10 80%
IT4 9 10 90%
Post 10 10 100%

Note. Pre = pre-test; IT1-IT4 = intermediate tests 1—4; Post = post-test.

‘ 100%

Successiul completion rate (%)

Q o
Measurement occasion

Figure 1. Successful completion across the six testing occasions; the Post occasion is shaded.

3.2 Group-level kinematic and technical outcomes

Change across the six occasions was not strictly linear. Most outcomes moved in the
prespecified favourable direction from Pre to IT1, declined at IT2, and then improved
through IT3, IT4, and Post. The IT2 session combined the lowest completion rate with
a lower mean technical score, indicating a temporary loss of performance rather than a
steady week-by-week progression.

Table 8. Session-level means and standard deviations across testing occasions
| Outcome | Pre | ITL | IT2 | IT3 | IT4 | Post |
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Outcome Pre IT1 1T2 1T3 1T4 Post

Release
elevation angle | 49.98 £2.48 | 52.73+2.47 | 51.38+2.76 | 5631193 | 59.71 £1.88 | 62.32+1.64
)

Three-
dimensional
resultant release
velocity (m-s™)

3.740£0.149 | 3.857£0.139 | 3.788 £ 0.155 | 4.103 £0.119 | 4.242 £ 0.110 | 4.370+0.111

Maximum
vertical
. 1.100 £0.063 | 1.158 £0.054 | 1.122 +£0.068 | 1.281 £0.047 | 1.388 £0.041 | 1.459 +0.037
displacement
(m)
Anteroposterior 1.827 =
displacement to | 1.899 +0.098 | 1.780 = 0.098 O 105+ 1.450 +0.098 | 1.285+0.095 | 1.150 +0.084

regrasp (m)

Spatial shoulder

angle (°) 150.01 +£3.72 | 155.31£3.72 | 152.83 £3.87 | 167.79+3.73 | 174.52+£3.72 | 177.52 +1.80

Resultant trunk
angular velocity | 5.050 £0.290 | 5.391 £0.289 | 5.242 +£0.295 | 6.188 £0.290 | 6.758 £0.290 | 7.116 =0.214
(rad-s™)

Flight time (s) | 0.512 +0.029 | 0.559 +£0.029 %%23%: 0.621 +£0.028 | 0.681 £0.028 | 0.726 +0.025

Technical score

. 4.31+0.59 5.17£0.59 4.35+0.60 6.20 £0.60 7.25+0.60 7.91+0.47
(points)

Note. Values are mean + sample standard deviation of participant-level session
means. Pre = pre-test; IT1-IT4 = intermediate tests 1-4; Post = post-test. At IT2,
flight time and anteroposterior displacement are based on n = 4 because P4 had no
successful attempt; all other cells are based on n = 5.

Table 9. Percentage change between consecutive testing occasions and from Pre to Post

Note. Positive values indicate change in the prespecified favourable direction.
Reductions in anteroposterior displacement and horizontal-plane release velocity are
therefore shown as positive improvement. Completion is expressed as a percentage-
point change.

Outcome Pre to IT1 IT1 to IT2 IT2 to IT3 IT3 to IT4 1T4 to Post Pre to Post

Release
elevation angle +5.50% -2.56% +9.60% +6.04% +4.37% +24.69%

©)

Three-
dimensional
resultant +3.13% -1.79% +8.32% +3.39% +3.02% +16.84%
release velocity
(m-s™)

Maximum
vertical
displacement

(m)

+5.27% -3.11% +14.17% +8.35% +5.12% +32.64%

Anteroposterior
displacement to +6.27% -2.64% +20.63% +11.38% +10.51% +39.44%
regrasp (m)

Spatial
shoulder angle +3.53% -1.60% +9.79% +4.01% +1.72% +18.34%
@)
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Outcome Pre to IT1 IT1 to IT2 IT2 to IT3 IT3 to IT4 IT4 to Post Pre to Post
Resultant trunk
angular +6.75% 2.76% +18.05% +9.21% +5.30% +40.91%
velocity
(rad-s™)
Flight time (s) +9.18% -5.55% +17.61% +9.66% +6.61% +41.80%
Technical score| | g 550, -15.86% +42.53% +16.94% +9.10% +83.53%
(points)
Completion
rate
(percentage +20 pp -30 pp +40 pp +10 pp +10 pp +50 pp
points)

Note. Percentage changes were calculated from the occasion means in Table 8.
Regrasp-dependent values at IT2 are based on the four gymnasts with at least one
successful attempt.

Table 10. Friedman tests, Kendall's W, and exact two-sided Pre-to-Post comparisons

Exact
Outcome nF / nP 1 df P Kendall W | two-sided
P
Release clevation 5/5 25.000 5 0.00014 1.000 0.06250
angle (°)
Three-
dimensional 5/5 25.000 5 0.00014 1.000 0.06250
resultant release
velocity (m-s™)
Maximum
vertical 5/5 24.885 5 0.00015 0.995 0.06250
displacement (m)
Anteroposterior
displacement to 4/5 19.571 5 0.00150 0.979 0.06250
regrasp (m)
Spatial shoulder 5/5 24.543 5 0.00017 0.982 0.06250
angle (°)
Resultant trunk
angular velocity 5/5 25.000 5 0.00014 1.000 0.06250
(rad-s™)
Flight time (s) 4/5 20.000 5 0.00125 1.000 0.06250
Technical score 5/5 24.885 5 0.00015 0.995 0.06250
(points)
Compl(ﬁ/t:;’“ rate 5/5 18.065 5 0.00287 0.723 0.06250

Note. nF = complete-case sample for the six-occasion Friedman test; nP = paired
sample for the Pre-to-Post Wilcoxon test. Regrasp-dependent Friedman analyses used
nF = 4 because P4 had no successful attempt at IT2; the Pre-to-Post comparisons used
all five paired observations. Completion was calculated from the two official attempts
for each gymnast and occasion.

Kendall's W ranged from 0.723 to 1.000 across outcomes, showing high concordance
in the direction of repeated change. Completion differed across the six occasions (> =
18.065, df = 5, p = 0.00287; W = 0.723). Its exact two-sided Pre-to-Post probability
was p = 0.06250, the same value obtained for each continuous outcome. None of the
individual Pre-to-Post Wilcoxon comparisons reached a = 0.05. This result reflects
the coarse resolution of exact probabilities when n = 5 and should not be interpreted
as evidence that the descriptive changes were absent.
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Holm's procedure was also used to adjust each outcome separately and exploratory
exact Wilcoxon tests were calculated for all 15 pairs of occasions. All were no longer
significant after adjusting. These comparisons were made as tests of the temporal
pattern and were not considered to be confirmatory tests in the light of the exploratory
design and small sample.

3.3 Main Kinematic and Technical Results

A successful attempt resulted in a mean flight time of 0.512 + 0.029 s at Pre and 0.726
+ 0.025 s at Post for a total increase of 41.80%. In the intermediate assessments, flight
time was first increased to 0.559 s at IT1, which in turn dropped slightly to 0.528 s at
IT2 based on four successful flights, and then to 0.621 s at IT3 and 0.681 s at [T4. A
similar pattern was found for the release elevation angle which rose from 49.98 +
2.48° at Pre to 62.32 + 1.64° at Post, an overall increase of 24.69%.

Figure 2. Individual and mean flight-time trajectories; the Post occasion is shaded.
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Figure 3. Individual and mean release-elevation-angle trajectories; the Post occasion is shaded.

3.4 Derived three-dimensional release-velocity components

Decomposition of the release-velocity vector showed that mean vertical release
velocity increased from 2.866 + 0.218 m-s™ at Pre to 3.870 + 0.156 m-s™* at Post
(35.02%). Over the same period, horizontal-plane release-velocity magnitude
decreased from 2.397 £ 0.036 to 2.026 £+ 0.059 m-s™* (15.48%). The combined pattern
indicates a redistribution of the release-velocity vector toward its vertical component
rather than a uniform increase in every direction.

Table 11. Derived release-velocity components across testing occasions

Outcome Pre IT1 IT2 IT3 IT4 Post

Vertical release

. 0 2.866£0.218 | 3.071 £0.211 | 2.961 £0.234 | 3.414+£0.175 | 3.663 £0.165 | 3.870+0.156
velocity (m-s™)

Horizontal-
plane release
velocity 2.397+£0.036 | 2.328 +£0.050 | 2.356 £ 0.052 | 2.271 £0.051 | 2.134 £ 0.066 | 2.026 + 0.059
magnitude
(m's™)

Note. Values are mean + sample standard deviation of participant-level session means
(n=15). Pre = pre-test; IT1-1T4 = intermediate tests 1-4; Post = post-test.

Table 12. Inferential statistics for the derived release-velocity components

Friedman > Exact two-
df=5) = Kendall W Gded p

Outcome nF / nP

Vertical
release
velocity
(m's™)

5/5 25.000 0.00014 1.000 0.06250

Horizontal-
plane release
velocity 5/5 25.000 0.00014 1.000 0.06250
magnitude
(m-s™)
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Friedman tests revealed significant differences across the six occasions for both
vertical release velocity (W = 1.000) and horizontal-plane release velocity (W =
1.000). A two-sided exact pre-to-post comparison was carried out, resulting in a p-
value of 0.06250 for each outcome. While none of the comparisons were significant at
a = 0.05, all gymnasts showed descriptive changes in the same direction; only limited
interpretations can be drawn given the five paired observations and the resulting
coarse exact-p resolution.

3.5 Secondary Measures of Movement Performance

The 3 dimensional mean resultant release velocity was 3.740 = 0.149 m-s™1 at Pre and
4370 = 0.111 m-s-1 at Post. The displacement in the vertical direction for regrasp
increased from 1.100 = 0.063 m to 1.459 + 0.037 m but the displacement in the
anteroposterior direction decreased from 1.899 £ 0.098 m to 1.150 + 0.084 m (39.44%
improvement in the prespecified direction). Spatial shoulder angle increased from
150.01 + 3.72° to 177.52 + 1.80°, and resultant trunk angular velocity increased from
5.050£0.290 to 7.116 + 0.214 rad-s™'. These are the values which this group used as
values for the movement - they are not ideal angles/velocities for the entire
movement.

3.6 Variability of performance within sessions and technical performance

The mean technical score (two official attempts) was 4.31 = 0.59 points at Pre and
7.91 £ 0.47 points at Post (83.53%). Scores reached 6.20 at IT3 and 7.25 at IT4 after
falling to 4.35 at IT2. The values are taken as judged session performance values as
both the official attempts were used.

Figure 4. Technical-Score Trajectories of individuals and mean scores; shaded Post occasion.

349



International Journal of Early Childhood Special Education (INT-JECSE)
DOI:10.48047/intjecse/v18i3.23 ISSN: 1308-5581 Vol 18, Issue 03 2026

Table 13. Absolute within-session differences between the two official attempts

Outcome Mean absolute difference SD of absolute difference
Release elevation angle (°) 2.302 0.458
Three-dlmen51qnal resu}tant release 0.180 0.035

velocity (m-s™)
Maximum vertical displacement (m) 0.062 0.024
Spatial shoulder angle (°) 2.940 0.900
Resultant trunk ar{gular velocity 0282 0.057
(rad-s™)

Technical score (points) 0.866 0.065

Table 13 shows the differences in the two official performances for every gymnast-
session. These values are descriptive, and no attempt was made to estimate the actual
reliability or stable consistency; there were only a maximum of two official attempts
in each gymnast-session. The averaging of scores reduces the impact of one poor (or
good) performance and does not reflect intra-session variability. The spreading of the
groups should thus be read with the attempt-level accounts, as well as the
reconstruction error and documented signal processing procedure for the repeatability
of the digitization.

3.7 Participant-Level Session Values and Data-Averaging Procedures.

The average session means were reported for each participant as a group average may
hide individual differences in the magnitude of response. Release variables and
technical score are based on the mean of both official attempts. The flight time and
anteroposterior displacement are taken from the one or two successful attempts.

Table 14. Participant-level session values used in the repeated-measures analyses

Trunk
I | Occasio Release Resultan | Vertica | .. AP Spatial | angula | Fligh Technica | Completio
D n elevatio t velocity | 1disp. displacement | shoulde ro| t 1 score n %
n angle * r angle | velocit | time*
y
P1 Pre 47.10 3.550 1.030 2.020 145.20 | 4.700 | 0.475 3.60 50
P1 IT1 49.80 3.690 1.100 1.900 150.50 | 5.040 | 0.523 4.46 100
P1 IT2 48.20 3.590 1.040 1.950 147.80 | 4.880 | 0.490 3.65 50
P1 IT3 53.90 3.950 1.220 1.570 163.00 | 5.840 | 0.586 5.50 100
P1 IT4 57.30 4.110 1.340 1.400 169.70 | 6.410 | 0.646 6.55 100
P2 Pre 53.20 3.920 1.180 1.780 154.80 | 5.410 | 0.548 5.10 50
P2| IT1 55.90 4.040 1.230 1.660 160.10 | 5.750 | 0.596 5.96 50
P2 IT2 54.80 3.980 1.210 1.710 157.80 | 5.610 | 0.565 5.15 50
P2 IT3 58.80 4.240 1.340 1.330 172.60 | 6.550 | 0.658 7.00 50
P2 IT4 62.10 4.370 1.440 1.160 179.30 | 7.120 |0.718 8.05 100
P3 Pre 48.50 3.650 1.080 1.950 148.50 | 4.900 | 0.495 4.10 50
P3 IT1 51.20 3.780 1.130 1.830 153.80 | 5.240 | 0.543 4.96 100
P3 IT2 49.60 3.690 1.080 1.870 151.20 | 5.090 |0.512 4.15 50
P3 IT3 55.10 4.020 1.250 1.500 166.30 | 6.040 | 0.605 6.00 100
P3 IT4 58.60 4.160 1.360 1.330 173.00 | 6.610 | 0.665 7.05 100
P4 Pre 51.80 3.850 1.150 1.820 152.50 | 5.280 | 0.530 4.70 50
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Trunk
I | Occasio Releafe Resultan | Vertica | .. AP Spatial | angula | Fligh Technica | Completio
D n elevatio t velocity | 1disp. displacement | shoulde ro| t 1 score n %
n angle * r angle | velocit | time*
y

P4 IT1 54.50 3.950 1.200 1.700 157.80 | 5.620 | 0.578 5.56 50
P4 IT2 53.60 3.890 1.170 — 155.40 | 5.470 — 4.75 0
P4 IT3 57.50 4.190 1.310 1.370 170.30 | 6.420 | 0.640 6.60 50
P4 IT4 60.90 4.330 1.420 1.220 177.00 | 6.990 |0.700 7.65 50
P5 Pre 49.30 3.730 1.060 1.925 149.05 | 4.960 | 0.512 4.05 50
P5 IT1 52.25 3.825 1.130 1.810 154.35 | 5.305 | 0.555 4.91 50
P5 IT2 50.70 3.790 1.110 1.778 151.95 | 5.160 | 0.545 4.05 50
P5 IT3 56.25 4.115 1.285 1.480 166.75 | 6.090 | 0.616 5.90 100
P5 IT4 59.65 4.240 1.380 1.315 173.60 | 6.660 | 0.676 6.95 100
P1| Post 60.20 4.220 1.410 1.260 174.80 | 6.820 | 0.692 7.25 100
P2| Post 64.40 4.500 1.500 1.040 179.20 | 7.360 | 0.756 8.45 100
P3| Post 61.50 4.310 1.440 1.190 176.80 | 7.020 |0.715 7.75 100
P4| Post 63.40 4.450 1.490 1.100 179.00 | 7.280 |0.742 8.25 100
P5| Post 62.10 4.370 1.455 1.160 177.80 | 7.100 |0.725 7.85 100

Note. * Regrasp-dependent outcome. The dash for P4 at IT2 indicates a structurally
missing value because neither official attempt was successful; no imputation was
performed. Pre = pre-test; IT1-1T4 = intermediate tests 1-4; Post = post-test.

4. Discussion

4.1 Principal findings

Across the six testing occasions, the gymnasts showed a non-linear pattern of overall
improvement in Tkatchev straddle organisation. Release elevation angle, resultant
release velocity, maximum vertical displacement, spatial shoulder angle, resultant
trunk angular velocity, successful flight time, technical score, and completion rate
increased from Pre to Post, while anteroposterior displacement to regrasp decreased.
The main interruption to this pattern occurred at IT2, when completion and several
technical and kinematic outcomes temporarily declined. The coordinated within-
athlete changes are consistent with the direction intended by the programme, but they
do not establish a causal effect because no parallel control group was included.

4.2. Temporary Coordination Disruption at IT2

The drop at IT2 could simply be a temporary drop as the gymnasts were changing an
existing release pattern. In technical restructuring, it can be difficult to maintain the
same level of familiarity in coordination and the timing of the release/regrasp may
change. However, the present data do not allow determination of that mechanism.
Other factors such as minor discomfort, normal fluctuation in measurements, session
confidence and fatigue, training load and sleep were not measured and may
contribute. In addition, there was no deferred test of retention that could differentiate
between a change in performance and motor learning retained. Completion rate assists
understanding. Successful attempts decreased from 7/10 at IT1 to 4/10 at IT2, then
increased to 8/10 at IT3, 9/10 at IT4, and 10/10 at Post. Although this six-occasion
completion analysis was statistically significant (y2 = 18.065, p = .00287; W = .723);
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the exact Pre-to-Post test did not achieve the a = .05 significance level. The course of
a later recovery is similar to that of the earlier recovery in intervention and the nature
of the small number of cases and uncontrolled design makes it hard to draw inferences
of causality.

4.3 Angular release mechanics control.

The higher regrasp distance was related to the reduced anteroposterior displacement
to regrasp, which was in turn associated with the higher resultant release velocity and
higher elevation angle at which the heel was released. In this coordinate setting, this is
the aspect ratio that represents a more upward release, and a less, or shorter, return
path to the bar. This is in addition to the results from the study about the relevance of
the pre-release giant swing to creating the mechanical conditions for successful
airborne motion (Arampatzis & Brueggemann, 2001), and a restricted timeframe for
release for a successful Tkatchev (Hiley et al., 2007). Alterations in the release angle,
resultant velocity, vertical displacement, anteroposterior displacement, and successful
flight time all occur simultaneously and makes mechanical sense as they are all
coupled during flight. The three dimensional reconstruction also allowed this
mediolateral drift to be seen and one projected image avoided. The agreement is not
independent however, with several of the outcomes being based on the same set of
calibrated coordinate records, meaning there are some common error sources in the
calibration, digitisation, filtering and differentiation. In addition to release conditions,
return-line geometry as well as time of renewed hand-bar contact contribute to flight
time.

4.4 Directional Change in Release Velocity

The vertical velocity of release was found to be 35.02% greater at Post compared to
Pre and the horizontal plane projection of velocity of release was 15.48% lesser at
Post compared to Pre. This increase in resultant speed was, therefore, accompanied by
a reorientation of the velocity vector towards the vertical, not a similar increase in
each component (McGinnis, 2020). Increased trend with a decrease in anteroposterior
regrasp displacement and increase in maximum vertical displacement.

4.5 Flight time, Vertical displacement, Regrasp

Successful flight time was improved (Pre to Post = ~ 0.214s), maximum vertical
displacement was increased, and the maximum blot displacement to regrasp
(anteroposterior) was reduced. For rapid release skills, more time in the air may be
beneficial to help support straddle presentation, trunk organisation, visual location of
the bar and arm preparation. But height or flight time isn't always a good thing, if the
gymnast goes outside an effective return line. The flight time reported was following
regrasp only, and therefore shouldn't be interpreted as absolute flight time but rather
in addition to the completion rate.

4.6 Control of the rotational movement and the positioning of the joints.

The greater spatial shoulder angle and increased resultant trunk angular velocity is
consistent with a more open release configuration and/or a different rotational
organisation. The literature on high bar longswings highlights the importance of
multi-joint coordination and that there is no one fixed optimal joint angle (Burton et
al., 2023). Thus, the values observed must be interpreted as a solution of these
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gymnasts and not as normative values. No data on hip-angle was available in the final
data set and only spatial shoulder angle and resultant trunk angular velocity was
considered for interpretation.

4.7 Technical scores, practical significance and judge agreement

Kinematic scores followed a similar general trend as seen with the technical scores.
The convergence has significance because there need not be a mechanical connection
to represent a better gymnastics movement. The ratings show that a better clarity of
flight, body form, and regrasp and continuity were part of the modified organisation.
It was also agreed to add the non-fruiting attempts in judging, rather than just the best
successful attempt in order to avoid the technical result only reflecting the best
successful performance. All four judges agreed fairly well on the ICC values. Coded
video was used to achieve the judges' ratings and the judges were not made aware of
the moment of testing, this reducing the likelihood of being influenced by the
knowledge of the time of the intervention. Extreme scores were removed with the two
scores in between being averaged together to reduce the impact of extreme scores. But
caution is advised when using the reliability estimates because the confidence
intervals were not calculated.

4.8 Performance per session and maximum performance capacity

The two official attempts were each averaged into the final score, eliminating the need
for a spectacular performance to earn a strong score in release and technical. Two
attempts are still not enough to get a good idea of long-term reliability or steady
consistency within a session, so the present study employs the term “session-level
mean” instead of “true consistency”. More attempts should be recorded and the
probability of completion, within-athlete SD, CV and best and typical performance
should be reported separately in future.

4.9 Previous Tkatchev research compared to current

The present findings are additional to, but not a replacement for, previous
biomechanical studies. Arampatzis and Brueggemann (2001) reported on energetic
processes in the pre-release giant swing motion; Hiley et al. (2007) quantified the
consistency of the performance and the release window; Hiley and Yeadon (2012)
looked at consistent performance execution using modelling and optimisation; Irwin
et al. (2017) compared the functional phases and angular momentum of the swing in
the elite performance; and Lim (2019) examined the timing between the swing and
the flight phase. The mechanical & temporal aspects were transferred to the current
study in the form of repeated monitoring during an applied training programme. The
most similar interventions are those of Back et al., which lasted 8 weeks. Back and
Son (2008) used technical feedback and analysed the movement in 3D of a single
gymnast at the national level performing the stretched Tkatchev, focusing on shoulder
extension, tap timing, hip action, flight height and body presentation. A wider swing
practice programme (chest and shoulder extension, leg action, hand release, bar
regrasp and assisted performance) was employed by Back et al. (2010), who found
increases in flight time and centre-of-mass elevation, as well as better organisation of
the ascending and descending phases of the swing. There are only limited direct
equivalences with those studies. The 2008 report discussed the stretched variant in a
single gymnast and the present study focused on the straddle variant in five advanced
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gymnasts. The current design had 4 intermediate tests in 10 weeks while earlier
reports were based primarily on Pre-to-Post comparisons. It was on those other
occasions that the transient IT2 drop would not have been apparent in a Pre-to-Post
comparison. The principal contribution of this study is the synergy of the repeated two
week monitoring, allocation of specific exercises tailored to the athlete, multi-attempt
session summaries, reporting of completion rates, separation of all-attempt and
regrasp dependent outcomes, and presentation of individual trajectories with blinded
judge scores.

4.10 Strengths

» Six testing occasions were used to help articulate the temporal nature of
performance beyond just the Pre-to-Post difference.

* Two official attempts allowed each occasion to focus on more than one best
attempt.

» Completion was reported separately, which enabled the analysis to take into
account unsuccessful attempts when interpreting the reporting.

* Differences in the response at the individual participant level could be obscured by
the group means.

* Programme included the progression of exercise selection from phase to phase of
technical error to full performance.

* The definition of the regrasp-dependent variables were kept as is, with only
succeeded regrasp attempts being employed.

* Applied performance outcome (blinded judge rating) was also provided in addition
to kinematic measures.

* Direct kinematic measurements and algebraic calculation of velocity values were
discriminated.

* The rise in the vertical velocity component was separated from the horizontal
velocity component.

4.11 Limitations

* Generalizability was limited since only five advanced gymnasts were sampled from
a small, specialized population.

* No parallel control group has been applied and this can not only be blamed to the
changes in the programme.

» Within-session variability was not fully assessed in spite of two official attempts.

 Flight time and anteroposterior displacement were contingent on whether the
regrasp was successful, which further decreased the number of samples available
for these outcomes.

* There were only two attempts for each gymnast and occasion (0%, 50% or 100%)
so the inferential tests had limited power and precision with 5 gymnasts.

* Although four judges evaluated coded videos independently and were blinded to
testing occasion, confidence intervals were not available for the ICC estimates.
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» Three dimensional reconstruction is still dependent on the geometry of the camera,
temporal camera alignment, landmark visibility, occluded landmarks, the
decisions made during the digitisation process, and the 4 mm error on the
reconstruction.

» There was no delayed retention test following withdrawal of the programme and
feedback.

» There was no measurement of training load, fatigue, sleep, confidence and minor
discomfort at the IT2 dip.

* Data on hip angle was not available for final analysis and could not be included.

* The apparatus was not instrumented, so the values of the kinetic variables were not
measured.

» A series of outcomes were selected, and these had the same error sources for the
calibration, digitisation, filtering and differentiation.

5. Conclusions

The five gymnasts demonstrated practical improvement in Tkatchev straddle
performance over 10 weeks, during the six testing occasions. There was an increase in
vertical release direction, successful flight time and maximum vertical displacement,
while anteroposterior travel to regrasp decreased, technical score improved and so did
completion rate. It is clear that change during the technical restructuring was not
necessarily linear, as IT2 experienced a temporary decline.

The relationship between three-dimensional kinematics, blinded technical ratings, and
completion indicatess that repeated multi-view biomechanical feedback can be
applied to coaching. The absence of a parallel control group suggests that the results
of this study should be interpreted as consistent with the intervention, not necessarily
causal.

6. Practical Applications
* Three-dimensional measures of angular-path and flight-time should be used to
inform coaching for the athlete not as a standard for all gymnasts.

* Report completion rate, in addition to regrasp dependent outcomes (flight time).

o Session-level means to be used as supplementary information in an optimum

process of best-attempt analysis.

* Track any temporary loss of performance when technically restructuring and adjust
the level of difficulty of the task based on the individual's response.

* Identify each corrective exercise that corresponds to the phase where the dominant
error occurs: swing and release phase, aerial timing phase, straddle organization
phase, return to regrasp phase.

* Move from supported and constrained to full-sequence, independent attempts only
when the appropriate phase criterion is repeated consistently.
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Table A1 contains the 60 observed attempts used in the six-occasion analysis. Release variables and
technical score are available for every attempt. Anteroposterior displacement and flight time are blank after
unsuccessful attempts because no regrasp occurred.

Table Al. Attempt-level observations used in the analysis

ID |Occasion | Attempt  Success alflzll.e Velocity Zfsl; d;:;’* Shoulder T::lr.l S Ehn%:l*t Tesccl:)l:‘iecal
P1 Pre 1 N 48.22 | 3.633 | 1.054 146.40 | 4.812 3.20
P1 Pre 2 Y 4598 | 3.467 | 1.006 | 2.020 | 144.00 | 4.588 | 0.475 4.00
P2 Pre 1 Y 51.10 | 3.755 | 1.092 | 1.780 | 151.40 | 5.155 | 0.548 4.60
P2 Pre 2 N 5530 | 4.085 | 1.268 158.20 | 5.665 5.60
P3 Pre 1 N 49.62 | 3.733 | 1.114 150.10 | 5.062 3.65
P3 Pre 2 Y 4738 | 3.567 | 1.046 | 1.950 | 146.90 | 4.738 | 0.495 4.55
P4 Pre 1 Y 52.88 | 3.942 | 1.188 | 1.820 | 153.90 | 5.398 | 0.530 5.15
P4 Pre 2 N 50.72 | 3.758 | 1.112 151.10 | 5.162 4.25
P5 Pre 1 N 48.12 | 3.642 | 1.036 147.55 | 4.872 3.60
P5 Pre 2 Y 50.48 | 3.818 | 1.084 | 1.925 | 150.55 | 5.048 | 0.512 4.50
P1 IT1 1 Y 51.30 | 3.805 | 1.138 | 1.900 | 152.40 | 5.205 | 0.523 4.96
P1 IT1 2 Y 48.30 | 3.575 | 1.062 | 1.900 | 148.60 | 4.875 | 0.523 3.96
P2 IT1 1 Y 5440 | 3925 | 1.192 | 1.660 | 158.10 | 5.575 | 0.596 5.56
P2 IT1 2 N 57.40 | 4.155 | 1.268 162.10 | 5.925 6.36
P3 IT1 1 Y 49.80 | 3.675 | 1.098 | 1.830 | 152.00 | 5.085 | 0.543 4.56
P3 IT1 2 Y 52.60 | 3.885 | 1.162 | 1.830 | 155.60 | 5.395 | 0.543 5.36
P4 IT1 1 N 55.65 | 4.045 | 1.238 159.30 | 5.765 6.06
P4 IT1 2 Y 5335 | 3.855 | 1.162 | 1.700 | 156.30 | 5.475 | 0.578 5.06
P5 IT1 1 Y 5340 | 3915 | 1.162 | 1.810 | 15585 | 5.433 | 0.555 5.31
P5 IT1 2 N 51.10 | 3.735 | 1.098 152.85 | 5.177 4.51
P1 IT2 1 N 49.40 | 3.685 | 1.072 149.20 | 5.015 3.20
P1 IT2 2 Y 47.00 | 3.495 | 1.008 | 1.950 | 146.40 | 4.745 | 0.490 4.10
P2 IT2 1 Y 5580 | 4.065 | 1.242 | 1.710 | 159.20 | 5.745 | 0.565 5.60
P2 IT2 2 N 5380 | 3.895 | 1.178 156.40 | 5.475 4.70
P3 IT2 1 N 50.70 | 3.775 | 1.102 152.60 | 5.215 4.60
P3 IT2 2 Y 48.50 | 3.605 | 1.058 | 1.870 | 149.80 | 4.965 | 0.512 3.70
P4 IT2 1 N 5245 | 3.805 | 1.138 153.90 | 5.335 435
P4 IT2 2 N 5475 | 3.975 | 1.202 156.90 | 5.605 5.15
P5 IT2 1 Y 49.52 | 3.703 | 1.092 | 1.778 | 15035 | 5.038 | 0.545 3.65
P5 IT2 2 N 51.88 | 3.877 | 1.128 153.55 | 5.282 4.45
P1 IT3 1 Y 5480 | 4.025 | 1.248 | 1.570 | 164.10 | 5955 | 0.586 5.90
P1 IT3 2 Y 53.00 | 3.875 | 1.192 | 1.570 | 161.90 | 5.725 | 0.586 5.10
P2 IT3 1 Y 59.90 | 4325 | 1.368 | 1.330 | 174.00 | 6.705 | 0.658 7.45
P2 IT3 2 N 57.70 | 4.155 | 1.312 171.20 | 6.395 6.55
P3 IT3 1 Y 56.10 | 4.105 | 1.278 | 1.500 | 167.60 | 6.185 | 0.605 6.40
P3 IT3 2 Y 54.10 | 3.935 | 1.222 | 1.500 | 165.00 | 5.895 | 0.605 5.60
P4 IT3 1 N 58.60 | 4.275 | 1.338 171.80 | 6.565 7.00
P4 IT3 2 Y 56.40 | 4.105 | 1.282 | 1.370 | 168.80 | 6.275 | 0.640 6.20
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ID |Occasion | Attempt  Success aﬁgl'e Velocity Zlesl; d;:;l:* Shoulder T:::ll-l k ﬂll:‘lgg Tesccl:)l;iecal
P5 IT3 1 Y 57.30 | 4.195 | 1.312 | 1.480 | 168.10 | 6.215 | 0.616 6.30
P5 IT3 2 Y 5520 | 4.035 | 1.258 | 1.480 | 165.40 | 5.965 | 0.616 5.50
P1 IT4 1 Y 58.50 | 4.205 | 1.368 | 1.400 | 171.20 | 6.525 | 0.646 7.00
P1 IT4 2 Y 56.10 | 4.015 | 1.312 | 1.400 | 168.20 | 6.295 | 0.646 6.10
P2 IT4 1 Y 63.10 | 4.455 | 1.468 | 1.160 | 180.70 | 7.275 | 0.718 8.50
P2 IT4 2 Y 61.10 | 4.285 | 1.412 | 1.160 | 177.90 | 6.965 | 0.718 7.60
P3 IT4 1 Y 59.70 | 4.245 | 1.388 | 1.330 | 174.40 | 6.765 | 0.665 7.50
P3 IT4 2 Y 57.50 | 4.075 | 1.332 | 1.330 | 171.60 | 6.455 | 0.665 6.60
P4 IT4 1 Y 62.00 | 4.415 | 1.448 | 1.220 | 178.50 | 7.145 | 0.700 8.10
P4 IT4 2 N 59.80 | 4.245 | 1.392 175.50 | 6.835 7.20
P5 IT4 1 Y 60.70 | 4.315 | 1.402 | 1.315 | 17490 | 6.785 | 0.676 7.40
P5 IT4 2 Y 58.60 | 4.165 | 1.358 | 1.315 | 172.30 | 6.535 | 0.676 6.50
P1 Post 1 Y 61.30 | 4300 | 1.438 | 1.285 | 176.20 | 6.960 | 0.700 7.70
P1 Post 2 Y 59.10 | 4.140 | 1.382 | 1.235 | 173.40 | 6.680 | 0.684 6.80
P2 Post 1 Y 65.30 | 4.580 | 1.528 | 1.060 | 179.90 | 7.500 | 0.764 8.85
P2 Post 2 Y 63.50 | 4.420 | 1.472 | 1.020 | 178.50 | 7.220 | 0.748 8.05
P3 Post 1 Y 62.50 | 4.385 | 1.467 | 1.212 | 178.00 | 7.155 | 0.722 8.17
P3 Post 2 Y 60.50 | 4.235 | 1.413 | 1.168 | 175.60 | 6.885 | 0.708 7.33
P4 Post 1 Y 6440 | 4530 | 1.518 | 1.120 | 179.80 | 7.420 | 0.750 8.65
P4 Post 2 Y 6240 | 4370 | 1.462 | 1.080 | 178.20 | 7.140 | 0.734 7.85
P5 Post 1 Y 63.10 | 4.445 | 1.482 | 1.182 | 17895 | 7.230 | 0.732 8.27
P5 Post 2 Y 61.10 | 4.295 | 1.428 | 1.138 | 176.65 | 6.970 | 0.718 7.43

Note. * Regrasp-dependent outcome; blank after unsuccessful attempts. Pre = pre-test;
IT1-IT4 = intermediate tests 1-4; Post = post-test.

Appendix B. Participant-level derived release-velocity components

The vertical velocity (v_z) was calculated as v sin(8) and HP velocity magnitude
(v_hp) was calculated as v cos(8) for each attempt. The values were then averaged
over the two attempts for gymnast and occasion.

Table B1. Participant-level derived release-velocity components

ID Occasion Vertical velocity (m-s™) Horizont?;?l:ll;e velocity
P1 Pre 2.601 2.415
P1 IT1 2.819 2.379
P1 1T2 2.677 2.391
Pl IT3 3.192 2.326
P1 IT4 3.459 2.218
P2 Pre 3.140 2.342
P2 IT1 3.346 2.262
P2 1T2 3.253 2.293
P2 1T3 3.627 2.195
P2 1T4 3.862 2.043
P3 Pre 2.734 2.417
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Horizontal-plane velocity

ID Occasion Vertical velocity (m-s™) (m-s™)
P3 IT1 2.947 2.366
P3 IT2 2.811 2.390
P3 IT3 3.297 2.298
P3 IT4 3.551 2.166
P4 Pre 3.026 2.379
P4 IT1 3.216 2.292
P4 IT2 3.131 2.307
P4 IT3 3.534 2.249
P4 IT4 3.784 2.104
P5 Pre 2.828 2.430
P5 IT1 3.025 2.340
P5 1T2 2.933 2.399
P5 1T3 3.422 2.285
P5 IT4 3.659 2.141
Pl Post 3.662 2.096
P2 Post 4.058 1.943
P3 Post 3.788 2.055
P4 Post 3.979 1.991
P5 Post 3.862 2.043
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