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Abstract
_______________________________________________________________________________|
Introduction: Sport-specific training may shape the neuromuscular strategies used in funda-
mental movements such as the push-up.

Objective: To compare the kinematic, kinetic, and electromyographic characteristics of push-
ups among athletes from gymnastics, swimming, track and field, and basketball.

Methodology: Eighty male university athletes performed standardized push-ups while three-
dimensional motion capture, dual force platforms, and surface electromyography recorded
movement, force, and muscle activation patterns. Group differences were examined using mul-
tivariate and univariate analyses of variance, with effect sizes reported to quantify practical
relevance (a = 0.05).

Results: Gymnasts showed superior trunk stability and high co-activation; swimmers exhibited
greater shoulder mobility but reduced core stability; and sprinters and basketball players
demonstrated higher force development rates and faster concentric tempos.

Discussion: Distinct biomechanical “signatures” reflected sport-specific neuromuscular adap-
tations.

Conclusion: Push-up execution reveals underlying specialization-driven motor control strate-
gies, offering valuable applications for individualized training, performance analysis, and injury
prevention.

Keywords

Push-up biomechanics, sport specialization, neuromuscular adaptation, electromyography
(EMG), kinematic and kinetic analysis.

Resumen

Introduccién: El entrenamiento especifico para cada deporte puede moldear las estrategias
neuromusculares utilizadas en movimientos fundamentales como las flexiones.

Objetivo: Comparar las caracteristicas cinematicas, cinéticas y electromiograficas de las flexio-
nes en atletas de gimnasia, natacion, atletismo y baloncesto.

Metodologia: Ochenta atletas universitarios masculinos realizaron flexiones estandarizadas
mientras la captura de movimiento tridimensional, plataformas de fuerza dual y electromiogra-
fia de superficie registraban el movimiento, la fuerza y los patrones de activacién muscular. Las
diferencias entre los grupos se examinaron mediante andlisis de varianza multivariados y uni-
variados, con tamafios del efecto reportados para cuantificar la relevancia practica (a = 0,05).
Resultados: Los gimnastas mostraron una mayor estabilidad del tronco y una alta coactivacion;
los nadadores exhibieron una mayor movilidad del hombro, pero una menor estabilidad del
core; y los velocistas y jugadores de baloncesto demostraron mayores tasas de desarrollo de
fuerza y ritmos concéntricos mas rapidos.

Discusion: Las distintas caracteristicas biomecanicas reflejaron adaptaciones neuromusculares
especificas del deporte. Conclusion: La ejecucion de flexiones revela estrategias subyacentes de
control motor impulsadas por la especializacidn, lo que ofrece aplicaciones valiosas para el en-
trenamiento individualizado, el anilisis del rendimiento y la prevencion de lesiones.

Palabras clave
|
Biomecanica de las flexiones, especializacién deportiva, adaptacién neuromuscular, electro-

miografia (EMG), andlisis cinematico y cinético.
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Introduction
___________________________________________________________________________________________________________________________|
The push-up is one of the most fundamental and universally applied upper-body exercises in athletic
training, physical education, and performance assessment. Its scientific relevance extends beyond sim-
plicity, as it simultaneously challenges upper-limb force production, trunk stabilization, intermuscular
coordination, and force transmission within a closed kinetic chain (Jeffries et al., 2022; Kowalski et al.,
2022). Unlike isolated resistance exercises, the push-up requires coordinated multi-joint action across
the shoulder, elbow, wrist, and trunk, making it particularly sensitive to deficits in postural control,
scapular stability, and neuromuscular synchronization (Gouvali & Boudolos, 2005). Biomechanically,
the push-up reproduces horizontal pushing mechanics that are functionally transferable to sport-spe-
cific actions such as aquatic propulsion, blocking and screening in basketball, sprint-start support, and
apparatus-based gymnastics skills (Strang et al., 2009; Calatayud et al., 2015). Consequently, the push-
up is increasingly recognized not merely as a conditioning drill, but as a functional probe of integrated
neuromuscular performance and movement quality.

From a neuromechanical perspective, push-up execution depends on the synergistic activation of the
pectoralis major, anterior deltoid, and triceps brachii for force generation, combined with co-activation
of the rectus abdominis, obliques, and erector spinae to stabilize the kinetic chain (Kowalski et al., 2022).
Variations in this coordination directly influence joint loading, movement efficiency, and mechanical
stability, which explains why the push-up is widely implemented in military testing, rehabilitation
screening, and athlete monitoring protocols (Jeffries et al., 2022; Strang et al., 2009).

Despite its widespread use, the biomechanical expression of the push-up is not uniform across athletic
populations. According to the principle of training specificity, long-term exposure to distinct sport con-
straints reshapes neuromuscular control strategies, joint coordination patterns, and muscle recruit-
ment hierarchies (Wang, 2012; Glazier & Mehdizadeh, 2019). These adaptations form a sport-specific
neuromuscular “engram,” representing the nervous system'’s optimized response to repetitive mechan-
ical demands. For example, gymnasts are chronically exposed to closed-chain loading that prioritizes
trunk rigidity and joint stiffness, whereas swimmers develop increased shoulder excursion and propul-
sion-oriented muscle activation, and power-based athletes such as sprinters and basketball players em-
phasize rapid force generation and high rates of force development (Zhang et al., 2024; Suchomel et al.,
2016; Chiu, 2018). Whether these sport-specific motor solutions persist during non-sport-specific tasks
such as the push-up remains a fundamental question in applied biomechanics.

Previous push-up research has examined how technique modifications influence mechanical outcomes.
Studies focusing on hand width and hand placement have demonstrated that narrow-grip push-ups sig-
nificantly increase triceps brachii activation and elbow joint loading, whereas wider hand positions shift
demand toward the pectoralis major and anterior deltoid (Aalto, 2020). Fatigue-based investigations
further report that progressive exhaustion increases trunk angular variability and shoulder joint stress,
potentially elevating injury risk (Bruce et al., 2023). However, these studies predominantly involved
untrained or recreational participants, limiting their applicability to athletes with long-term sport-spe-
cific neuromuscular adaptations.

Parallel research on sport specialization provides compelling evidence that chronic training reshapes
fundamental movement coordination. Quantitative analyses have shown that gymnasts exhibit signifi-
cantly lower trunk angular displacement (reductions of 30-45%) and higher co-activation indices com-
pared with non-gymnasts (Zhang et al., 2024), while power athletes demonstrate RFD values exceeding
endurance-trained counterparts by more than 40% (Suchomel et al., 2016). Basketball players have
been shown to generate higher joint moments during landing tasks than volleyball players (Noakes et
al,, 2011), and triple jumpers exhibit unique hip-knee-ankle coordination patterns during ground con-
tact (Glazier & Mehdizadeh, 2019). Notably, the overwhelming majority of these investigations focus on
lower-limb mechanics, leaving upper-limb and trunk-dominant movements such as the push-up mark-
edly underexplored.

Taken together, existing literature suggests that (i) trained athletes from different sports are rarely com-
pared during standardized upper-body closed-chain tasks (Prokopy et al., 2008); (ii) most push-up stud-
ies rely on isolated performance or EMG indicators rather than integrated kinematic-kinetic-EMG anal-
yses (Dhahbi et al., 2022) and (iii) the neuromuscular mechanisms underlying sport-specific differenti-
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ation in upper-body movement remain insufficiently understood (Zemkova & Zapletalova, 2022). Ad-
dressing these limitations is essential to clarify how deeply sport specialization penetrates general mo-
tor control strategies.

Accordingly, the present study investigates push-up biomechanics in athletes from four contrasting
sport specializations gymnastics, swimming, track and field (sprinting), and basketball representing sta-
bility-dominant, mobility-dominant, and power-dominant training profiles. By integrating three-dimen-
sional kinematics, kinetics, and electromyography, this study seeks to identify whether sport-specific
neuromuscular adaptations manifest during a standardized, non-sport-specific task.

Research Objectives and Hypotheses

The objective of this study was to compare kinematic, kinetic, and electromyographic characteristics of
push-up performance among athletes from four sport specializations. Specifically, it was hypothesized
that gymnasts would demonstrate superior trunk-pelvic stability and higher core co-activation, swim-
mers would exhibit greater shoulder range of motion and reliance on prime movers, and power-ori-
ented athletes (track and field sprinters and basketball players) would display higher peak forces and
faster rates of force development.

Method
|

Research Design

This study employed a cross-sectional research design, appropriate for examining biomechanical differ-
ences in the push-up exercise among athletes from distinct sport specializations at a single point in time
(Glazier & Mehdizadeh, 2019). This design allows for the identification of movement variations that may
arise from long-term, specialization-specific training adaptations. While it provides an efficient frame-
work for exploratory comparative analyses in applied biomechanics, it should be noted that causal in-
ferences regarding training effects cannot be drawn.

Participants
Recruitment and Grouping

An a priori sample size estimation was conducted using G*Power software (version 3.1) based on the
fixed-effects one-way ANOVA model, following the formula derived from Cohen’s f effect size frame-
work:

f=o0om / o, where om represents the standard deviation of group means and o the pooled within-group
standard deviation. An effect size of f = 0.40 (large effect), a = 0.05, statistical power (1-f3) = 0.80, and
four independent groups were specified, resulting in a minimum required sample size of 76 participants.
This procedure was selected over correlation-based or regression-based estimations because the pri-
mary objective of the study was the between-group comparison of biomechanical variables across dis-
crete sport specializations, consistent with prior biomechanical comparative investigations.

To account for potential dropouts and unusable trials, 80 participants were finally recruited and com-
pleted all measurements.

Eighty male university student-athletes (age range 18-25 years) were equally allocated into four groups
(n = 20 per group) according to their primary competitive sport specialization, defined as the sport in
which the athlete had accumulated the highest training volume and competition exposure over the pre-
vious five years:

e Gymnastics Group: Artistic ggymnasts specializing in apparatus and floor routines.

o Swimming Group: Freestyle or butterfly swimmers emphasizing upper-limb propulsion.
e Track and Field Group: Competitive sprinters in the 100 m and 200 m events.

e Basketball Group: Competitive basketball players occupying guard or forward positions.

The grouping strategy was grounded in the biomechanical principle of task-specific adaptation,

whereby chronic exposure to distinct movement patterns and loading profiles is expected to result in
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unique neuromuscular and kinetic characteristics. Group identification was verified through official
team registration records and direct confirmation from institutional coaches.

Inclusion Criteria
Participants were required to:

1. Be officially registered as competitive athletes by their respective national sport federations and ac-
tively competing at the inter-university or higher level. This classification does not imply identical com-
petitive ranking across sports, but rather confirms that all participants were trained athletes performing
within organized competitive systems.

2. Engage in systematic sport-specific training for at least five years, with a weekly volume =10 hours.
3. Be right-hand dominant, aged 18-25 years, and in good health.

4. Provide written informed consent after a full explanation of procedures and potential risks.
Exclusion Criteria

Participants were excluded if they:

1. Sustained upper-limb or lower-back injuries within the past six months.

2. Had chronic musculoskeletal disorders affecting upper-limb movement.

3. Engaged in strenuous exercise within 24 hours before testing or displayed signs of fatigue.
Participant Characteristics

Descriptive anthropometric and training information (age, height, weight, training years) were collected
and are summarized in Table 1. Reporting these characteristics ensures transparency and allows for
interpretation of inter-group differences.

Experimental Procedure

All experimental procedures were conducted in a controlled biomechanics laboratory (ambient temper-
ature 22-24°C). The study protocol was reviewed and approved by the Institutional Research Ethics
Committee of Mahasarakham University (Thailand). All procedures conformed to the principles of the
Declaration of Helsinki.

The experimental workflow comprised four sequential phases:
1. Preparation and standardized warm-up

2. Equipment setup and marker/electrode placement

3. Static calibration for model generation

4. Dynamic testing with synchronized motion capture, force, and EMG data acquisition

Figure 1. The spatial arrangement of force platforms, reflective markers, and the Vicon infrared camera system.
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Preparation and Warm-Up

Participants received a standardized briefing and signed informed consent. Tight-fitting athletic attire
was worn to facilitate marker placement. The 10-minute warm-up included:

¢ 5 minutes of light treadmill jogging,
¢ Dynamic stretching (arm circles, chest expansions, arm swings, torso rotations, lateral bends),
¢ 5 bodyweight push-ups for muscle activation.
Equipment Setup
Kinematic Markers

A modified Plug-in Gait full-body model was used, with 39 reflective markers (14 mm diameter) placed
on anatomical landmarks, including the forehead, occiput, acromion processes, humeral epicondyles,
radial/ulnar styloid processes, anterior and posterior superior iliac spines, femoral condyles, malleoli,
heel, and second/third metatarsal heads (Niu et al., 2024).

Surface EMG Electrodes

After standard skin preparation (shaving, mild abrasion, and cleaning with 70% isopropyl alcohol),
wireless Ag/AgCl surface electrodes (Delsys Trigno™, USA) were placed according to the Surface Elec-
tromyography for the Non-Invasive Assessment of Muscles (SENIAM) recommendations as follows:

e Pectoralis Major (clavicular head): 2 cm inferior to the clavicle and medial to the axillary fold
e Anterior Deltoid: 2 cm distal to the acromion on the line to the deltoid tuberosity

e Triceps Brachii (long head): Midpoint between the acromion and olecranon on the posterior up-
per arm

o Rectus Abdominis: 3 cm lateral to the umbilicus
e Erector Spinae (L1): 3 cm lateral to the L1 spinous process

Electrode placement sites were selected to maximize signal specificity and minimize cross-talk, in ac-
cordance with international SENIAM guidelines. The reference electrode was positioned over the fibular
head.

Static Calibration and Dynamic Testing

Participants performed a 3-second static calibration in an anatomical stance. For dynamic trials, the
standardized push-up technique was as follows:

e Hands positioned shoulder-width apart, verified using biacromial distance.
e Palms placed symmetrically on the two force platforms, fingers oriented forward.

e Feet aligned parallel, shoulder-width apart, with the body forming a straight line from head to
heels.

o The descending phase was performed until 90° elbow flexion was reached, confirmed in real
time via motion capture.

e No trunksagging, hip piking, or asymmetric loading was permitted. Trials violating these criteria
were discarded and repeated.

Each participant completed three valid repetitions paced at 60 bpm, with a 2-minute passive recovery
between trials.

Data Acquisition
Three synchronized systems captured kinematic, kinetic, and EMG data:

¢ Kinematics: 10-camera infrared motion capture system (Vicon Nexus, Vicon Motion Systems Ltd) at
200 Hz; spatial accuracy <0.5 mm.
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« Kinetics: Two force platforms (Kistler 9286AA, Switzerland) measured vertical ground reaction forces
under each hand at 1000 Hz, synchronized with motion capture.

e Surface EMG: Wireless Delsys Trigno™ Avanti system (USA), sampled at 2000 Hz, band-pass filtered
20-450 Hz, common-mode rejection ratio >100 dB. Built-in accelerometers assisted in identifying
movement phases.

Kinematic (200 Hz), kinetic (1000 Hz), and EMG (2000 Hz) data were collected simultaneously. All sys-
tems were hardware-synchronized through the Vicon Nexus synchronization unit using a common dig-
ital trigger signal, ensuring temporal alignment at the millisecond level across all devices. Synchroniza-
tion accuracy was verified through pre-test impulse trials on the force plates.

Filtering cutoffs were chosen based on prior literature to minimize noise while preserving signal fidelity
(Alcan & Zinnuroglu, 2023).

Data Processing

Data were processed using Visual3D (C-Motion, USA) and MATLAB (MathWorks, USA):
¢ Kinematic Data: Filtered with a 4th-order zero-lag Butterworth filter at 10 Hz.

» Kinetic Data: Filtered with a 4th-order zero-lag Butterworth filter at 50 Hz.

¢ EMG Data: Band-pass filtered (20-450 Hz), full-wave rectified, and smoothed using a 100 ms RMS
window. EMG signals were normalized to post-trial MVIC, following standard procedures while consid-
ering potential fatigue effects (Powell et al.,, 2018).

Dependent Variables

All variables were derived from a complete push-up cycle (elbow-extended to return). The mean of three
trials was used for analysis.

Kinematic Parameters:

« Joint Range of Motion: Shoulder flexion/extension, horizontal abduction/adduction; minimum elbow
flexion.

o Trunk Stability: Standard deviation of pelvic and thoracic angles in frontal and sagittal planes.

* Movement Tempo: Ratio of concentric to eccentric phase duration.

Kinetic Parameters:

» Peak Force: Maximum vertical GRF across both hands.

* Mean Force: Average vertical GRF throughout the movement.

» Rate of Force Development (RFD): Slope of GRF increase during the first 50 ms of the concentric phase.

All biomechanical variables were extracted from three complete push-up repetitions, and the mean
value across the three valid trials was used for all statistical analyses. Range of motion, force variables,
and EMG amplitudes were therefore not derived from a single repetition, but from the average across
the entire repeated task to improve measurement reliability.

Electromyographic Parameters

e Activation Intensity: Integrated EMG (iEMG) during concentric and eccentric phases, normalized to
%MVIC.

» Activation Timing: EMG onset defined as amplitude exceeding resting mean by 3 SDs.

» Co-Activation Index: Calculated for the Pectoralis Major-Anterior Deltoid pair during key phases (100
ms before and after 90° elbow flexion) using normalized EMG amplitudes. Only one pair was analyzed
due to electrode limitations.

Maximum voluntary isometric contractions (MVIC) were obtained for each recorded muscle prior to
dynamic testing. Participants performed two 5-second maximal isometric contractions per muscle
against standardized manual resistance, with a 60-second rest between trials. The highest RMS value
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recorded over a 1-second window was defined as MVIC and used for normalization. All EMG amplitudes
during push-up trials were subsequently expressed as a percentage of the respective MVIC.

Statistical Analysis

All statistical analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA), with the
level of statistical significance set a priori at a = 0.05.

Descriptive statistics were calculated for all variables and are reported as means + standard deviations.
Fundamental anthropometric and training characteristics included age (years), body height (cm), body
mass (kg), and training experience (years). Body height was measured using a wall-mounted stadiome-
ter (Seca 213, Germany), body mass using a digital scale (Tanita BC-418, Japan), and training experience
was obtained from verified institutional training records.

Prior to inferential analysis, assumption testing was conducted separately within each sport specializa-
tion group. Normality of all dependent variables was assessed using the Shapiro-Wilk test applied at
the group level, while homogeneity of variance was examined using Levene’s test. All primary biome-
chanical variables demonstrated acceptable normal distributions within groups (P > 0.05), supporting
the use of parametric statistical procedures. Multivariate normality was additionally considered before
performing MANOVA.Basic anthropometric and training characteristics: One-way ANOVA.

Group comparisons were conducted as follows:

a. Basic anthropometric and training characteristics were compared using one-way analysis of variance
(ANOVA).

b. Overall biomechanical differences across sport specializations were examined using one-way multi-
variate analysis of variance (MANOVA) for kinematic, kinetic, and electromyographic variables.

c. When MANOVA results were statistically significant, follow-up univariate one-way ANOVAs were per-
formed, with Tukey’s honestly significant difference (HSD) test applied for post-hoc pairwise compari-
sons, adjusted for multiple testing.

Given that kinetic variables were normalized to body mass (N-kg™*), the use of ANCOVA with body mass
as a covariate was deemed redundant. Accordingly, kinetic comparisons were reanalyzed using one-way
ANOVA on normalized variables, ensuring statistical appropriateness and conceptual consistency. The
results and interpretations remained unchanged in direction and magnitude, indicating that observed
group differences reflect neuromechanical characteristics rather than anthropometric confounding.

Effect sizes were calculated and reported as partial eta squared (n?) alongside p-values to indicate the
magnitude and practical relevance of observed effects. This hierarchical analytical framework was se-
lected to provide a statistically rigorous and interpretable comparison of sport-specific biomechanical
patterns during push-up performance.

Results
[

This section presents the findings from kinematic, kinetic, and electromyographic (EMG) analyses dur-
ing standardized push-up trials among university student-athletes from four sport specializations. Data
are reported objectively, with statistical outcomes summarized in tables.

Participant Characteristics

Descriptive anthropometric and training variables, including age, body height, body mass, and years of
formal training, were recorded for all participants using standardized measurement procedures. These
characteristics are presented descriptively in Table 1 to provide an overview of the sample composition.

Table 1. Participants Characteristics

Group N Age (years) Height (cm) Weight (kg) Training Years (years)
Gymnastics 20 204 +1.2 165.3 +4.5 58.6 +3.8 85+18
Swimming 20 208+1.1 180.2 +3.9 73.5+4.2 9.1+2.0

Track & Field 20 20.5+1.0 177.6 +4.1 70.8+3.9 83+17
Basketball 20 20.7+1.3 188.5+5.1 82.4+5.6 88+19
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F-value - 0.45 85.32* 92.17* 0.68
P-value - 0.72 <0.001 <0.001 0.57

Note: indicates P<0.05, statistically significant difference.

As shown in Table 1, there were no significant differences among the four groups in age (F=0.45, P=0.72)
and training years (F=0.68, P=0.57), confirming comparability in sports experience. However, signifi-
cant differences were observed in height (F=85.32, P<0.001) and weight (F=92.17, P<0.001). Post-hoc
Tukey tests indicated that gymnasts were significantly shorter and lighter than the other groups
(P<0.001), while basketball players were significantly taller and heavier (P<0.001). These anthropomet-
ric variations reflect sport-specific morphological adaptations, which must be considered in interpret-
ing kinetic outcomes.

Kinematic, Kinetic, and Electromyographic (EMG) Results:

Table 2. Integrated Kinematic, Kinetic, and Electromyographic Parameters During Push-Up Performance by Sport Specialization (Mean * SD)

Domain Parameter Gymnastics  Swimming  Track & Field Basketball F (df=3,76) p-value n?

Kinematic Shoulder Horizontal 352+3.1°  64.8+42° 445:38° 498+35° 15.43 <0.001 0.38
Abduction (°)

Trunk Stability Index (°SD)  12.3+2.1*°  27.9+3.5°  17.8+2.8° 22132 8.92 <0.001 0.26
Pelvic Stability Index (°SD) ~ 8.5 + 1.8° 19.2+29°  124+22° 157+25P° 6.35 <0.01 0.24
Concentric Phase Time (s)  2.1%0.3° 2.0 £0.2° 1.4 +0.2° 1.5+0.3° 10.67 <0.001 0.30
Kinetic  Relative Peak Force (N-kg™') 1.45+0.15®> 1.21+0.12* 1.52+0.16° 1.38%0.14° 5.89 <0.01 0.19
Rate of FOECN?S]?f)"el"pmem 2850 +320° 2630+ 280° 4520 +480° 3980 + 420P 18.34 <0.001 0.42
Force-Time Integral (N-s) ~ 185 * 22° 162 + 182 198 + 24° 192 +21° 423 <0.05 0.14
EMG Pectoralis Major (%MVIC) 85.2+85°  948£92°  79.8%7.9%  753%75% 9.76 <0.001 0.28
Anterior Deltoid (%MVIC) 80.1+7.8°  84.9+83°  74.7+74% 79.8+7.9° 412 <0.05 0.14
Triceps Brachii (%MVIC) ~ 74.8+7.2%°  69.5+6.8°  89.6+89° 847 +83" 7.21 <0.01 0.22
Core Muscles (%MVIC)  89.5+88° 64.8+63* 749+73" 69.7+6.8 8.45 <0.001 0.25
Co-activation Index (%)  94.8+9.3°  652+6.4°  751+74°  703+6.9° 12.54 <0.001 0.33

Note: Values are presented as mean * SD. Different lowercase superscript letters (a, b, ¢) within the same row indicate statistically significant
pairwise differences between sport groups based on Tukey’s post-hoc multiple comparison test (p < 0.05). Groups sharing the same letter do
not differ significantly. Effect sizes are reported as partial eta squared (n?). %MVIC percentage of Maximum Voluntary Isometric Contraction.

Kinematic Results

A MANOVA indicated significant overall differences in joint kinematics across specializations (Wilks’
A=0.512, F(15,204)=4.72, p<0.001, partial n°=0.26).

A multivariate analysis of variance (MANOVA) revealed significant overall differences in joint kinematic
variables across the four sport specializations (Wilks’ A = 0.512, F(15,204) = 4.72, p < 0.001, partial 2
= 0.26, indicating a large multivariate effect). Univariate post-hoc analyses demonstrated that shoulder
horizontal abduction differed significantly between groups (F(3,76) = 15.43, p < 0.001, n* = 0.38), with
swimmers exhibiting the greatest range and gymnasts the lowest. Trunk stability index also differed
significantly (F(3,76) = 8.92, p < 0.001,n* = 0.26), with gymnasts displaying the lowest angular variabil-
ity, indicative of superior postural control. Similarly, pelvic stability index showed significant group dif-
ferences (F(3,76) = 6.35,p < 0.01, n* = 0.24).

Concentric phase duration differed significantly among groups (F(3,76) = 10.67, p < 0.001, n? = 0.30),
with Track and Field and Basketball athletes demonstrating faster concentric actions than gymnasts and
swimmers. No statistically significant differences were observed in shoulder flexion/extension or min-
imum elbow flexion (p > 0.05); however, effect sizes ranged from small to moderate (n* = 0.06-0.11),
suggesting limited practical relevance of these nonsignificant findings.

Kinetic Results

A one-way analysis of covariance (ANCOVA), conducted as a supplementary analysis to account for re-
sidual inter-individual variability in body mass, revealed significant group differences in relative peak
force, rate of force development (RFD), and force-time integral (Table 2). Although selected kinetic var-
iables were normalized to body mass (N-kg '), ANCOVA was applied to verify whether group differences
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persisted after statistically controlling for remaining body mass effects, a procedure recommended
when anthropometric disparities between groups are substantial.

Relative peak force differed significantly among groups (F(3,75) = 5.89, p < 0.01, partial n? = 0.19), with
gymnasts and Track and Field athletes producing the highest normalized values. RFD exhibited a large
group effect (F(3,75) = 18.34, p < 0.001, partial n* = 0.42), with Track and Field athletes demonstrating
markedly faster force production than the remaining groups. Force-time integral also showed signifi-
cant differences (F(3,75) = 4.23, p < 0.05, partial n% = 0.14).

Importantly, the pattern and statistical significance of group differences were consistent when analyses
were performed using normalized variables alone, indicating that the observed effects reflect genuine
neuromechanical differences rather than body-mass artifacts.

Gymnastics and Track & Field athletes generated higher relative peak forces, while RFD was greatest in
Track & Field and Basketball athletes.

Electromyographic (EMG) Results

MANOVA revealed significant differences in muscle activation patterns among groups (Wilks’ A = 0.489,
F(20,228) =3.97, p < 0.001, partial n® = 0.26). Pectoralis major activation differed significantly (F(3,76)
=9.76,p < 0.001,n% = 0.28), with swimmers exhibiting the highest activation. Triceps brachii showed
the largest activation in Track and Field athletes (F(3,76) = 7.21, p < 0.01, % = 0.22). Core muscle acti-
vation was greatest in gymnasts (F(3,76) = 8.45, p < 0.001, n* = 0.25). Co-activation indices also differed
markedly (F(3,76) = 12.54, p < 0.001, 1% = 0.33).

Discussion
|
This study aimed to examine whether long-term sport specialization leads to differentiated biomechan-
ical strategies during a standardized closed-chain upper-body task, and to identify the kinematic, ki-
netic, and electromyographic mechanisms underlying these differences. In line with the stated objec-
tives and hypotheses, the findings demonstrate that push-up execution is not a uniform motor task
across athletic populations but instead reflects distinct neuromuscular solutions shaped by prolonged
exposure to sport-specific mechanical constraints.

Consistent with Hypothesis 1, gymnasts exhibited significantly lower trunk and pelvic angular variabil-
ity alongside elevated co-activation indices, indicating a stability-dominant control strategy. This pat-
tern suggests an increased reliance on anticipatory postural control and joint stiffness regulation, mech-
anisms that are essential in gymnastics to maintain alighment during inverted and apparatus-based
skills. The concurrent reduction in segmental variability and increase in co-activation supports the in-
terpretation that gymnasts prioritize movement precision and intersegmental coupling over movement
economy. These findings extend previous observations by Hart et al. (2024) and Mendez-Rebolledo et
al. (2022) by demonstrating that such stabilization strategies are not task-specific but generalize to non-
gymnastics movements, reinforcing the concept of neuromuscular transfer across motor tasks.

In accordance with Hypothesis 2, swimmers displayed the greatest shoulder horizontal abduction and
the highest pectoralis major activation, reflecting a mobility- and prime-mover-dominant strategy. Bio-
mechanically, this suggests that force generation during push-ups in swimmers is achieved through in-
creased joint excursion and muscle activation rather than through enhanced proximal stabilization. This
finding aligns with the functional demands of swimming, where propulsion efficiency depends on large
shoulder ranges of motion and repetitive concentric activation. Importantly, the reduced trunk stability
observed in swimmers indicates a redistribution of neuromuscular resources toward the glenohumeral
complex, supporting the flexibility-stability trade-off previously reported in aquatic biomechanics
(Struyf et al., 2017; Dai et al., 2025).

Support for Hypothesis 3 was evident in sprinters and basketball players, who demonstrated markedly
higher rates of force development and shorter concentric phase durations. These characteristics indi-
cate a neuromuscular system optimized for rapid force production through accelerated motor-unit re-
cruitment and heightened neural drive, rather than sustained force output or postural stabilization. The
similarity of these upper-limb kinetic profiles to those reported in lower-limb explosive tasks (Suchomel
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et al.,, 2016) suggests that force-time specialization operates systemically across the body, rather than
being confined to sport-dominant limbs. The faster concentric actions further imply superior utilization
of stretch-shortening cycle mechanisms, even in horizontally oriented pushing tasks.

Collectively, the integration of kinematic, kinetic, and EMG findings demonstrates that sport specializa-
tion shapes movement through coordinated adaptations across multiple biomechanical domains, rather
than isolated changes in single variables. Gymnasts achieve performance through stabilization and co-
activation, swimmers through mobility and muscle activation amplitude, and power athletes through
rapid force modulation. This multi-level differentiation confirms that push-up performance reflects an
interaction between neural control strategies, joint mechanics, and force-time characteristics, thereby
validating the study’s central premise.

Briefly, from a practical standpoint, these differentiated profiles suggest that push-up analysis may pro-
vide insight into underlying neuromuscular strategies characteristic of specific sports. However, as the
present study was not designed to test training efficacy or injury outcomes, such implications should be
interpreted cautiously and remain exploratory. Similarly, while differences in trunk stability and force
development may be theoretically relevant to injury mechanisms, the current data do not permit causal
inference or direct injury-risk conclusions, and these considerations should therefore be addressed in
future targeted investigations.

Several limitations warrant careful consideration when interpreting the findings. The cross-sectional
design precludes causal conclusions regarding training-induced adaptation, and self-selection into
sports may partially contribute to observed group differences. Although training experience was
broadly comparable, uncontrolled variation in cumulative training load and intensity may have influ-
enced neuromuscular expression, particularly in rate-dependent variables such as RFD. Additionally,
surface EMG does not capture deep stabilizing musculature, potentially underrepresenting the role of
segmental stabilizers. Finally, the absence of fatigue conditions limits ecological validity, as neuromus-
cular strategies may shift under sustained load.

Future research should adopt longitudinal and intervention-based designs to clarify the directionality
and plasticity of these adaptations. Integrating high-density or intramuscular EMG with biomechanical
modeling may further elucidate coordination strategies, while fatigue-based protocols could reveal how
sport-specific control mechanisms degrade or persist under competitive stress.

Conclusions
___________________________________________________________________________________________________________________________|
This study provides a unified biomechanical comparison of push-up execution among university male
student-athletes from four sport specializations (gymnastics, swimming, track and field, and basketball)
using an integrated kinematic, kinetic, and electromyographic approach. The findings demonstrate that
long-term sport-specific training reorganizes neuromuscular control strategies even in a fundamental
closed-chain task, producing distinct movement “signatures” aligned with the technical and physiologi-
cal constraints of each discipline. Gymnasts displayed a stability-dominant pattern characterized by
high trunk-pelvic control and elevated co-activation; swimmers exhibited a flexibility-dominant pattern
with large shoulder excursions and prime-mover reliance; and power-oriented athletes (sprinters and
basketball players) showed a power-dominant profile marked by rapid force development and shorter
concentric phases.

These results confirm that kinematic, kinetic, and EMG adaptations operate as an integrated neuromus-
cular system rather than as isolated features. From a practical standpoint, the identification of sport-
specific push-up biomechanical profiles offers a valuable framework for individualized strength train-
ing, injury-risk screening, and talent development. In summary, the push-up serves as a sensitive func-
tional probe of neuromuscular specialization, linking fundamental biomechanics with applied perfor-
mance science in trained athletes.
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Appendixes: Complete Measurement Tools and Scales
(s

Appendix 1: Participant Information and Health Screening Questionnaire:

I. Basic Information
ID:
Name:

Sex: o0 Male o Female

Age: years
Height: cm
Weight: kg

Sport Specialization:
Training Years: years
Athlete Level: o International Master o Master o Level 1 o Level 2

Contact Number:

II. Health and Injury History Screening (Please check Yes or No)

In the past 6 months, have you experienced pain or injury in your shoulders, elbows, wrists, back, or
neck that required you to stop training or seek medical attention?

o Yes oNo

If "Yes," please specify location and details:

Have you been diagnosed with any chronic diseases (e.g., heart disease, hypertension, arthritis)?
o Yes o No

Do you have any known muscular, skeletal, or neurological disorders?

o Yes o No

Have you engaged in strenuous exercise or felt significant fatigue in the past 24 hours?
oYesoNo

Are you right-hand dominant for most activities?
o Yes o No

Participant Declaration: I have fully understood the purpose, procedures, and potential risks of this test
and voluntarily participate in this study. I confirm that the information provided above is true.
Participant Signature:
Date:_ / /

Appendix 2: Standardized Testing Protocol Checklist:
Phase Step Responsible Person Check (V) Notes
1. Explain procedure to participant, obtain

Preparation informed consent Principal Investigator u]
2. Participant changes into tight-fitting athletic Participant 5
wear
3. Perform 10-min standardized warm-up PI/Participant o 5minjog, 5 min dynamic
stretching
Equipment Setup 4. Skin preparation (shave, abrade, clean with Experimenter o Target muscle areas
alcohol)
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Order: Pect. Major, Ant.
5. Apply surface EMG electrodes Experimenter u] Deltoid, Triceps, Rectus Abd.,
Erector Spinae

6. Apply reflective markers Experimenter o According to Plug-in Gait

model
Data Collection 7. System calibration and synchronization Experimenter m] Check all device signals
8. Collect static calibration trial Experimenter/Participant m] Anatomical stance for 3 sec
9. Participant positioning, adjust push-up start PI 5 Hands shoulder-width, body
posture straight
10. Metronome rh)ll)tll;rr:)famlllarlzatlon (60 Participant m] Practice 1-2 repetitions
11. Formal testing, collect 3 valid trials Experimenter o 2 min rest between trials
12. Perform Max1mal.Voluntary Isometric Experimenter/Participant u] For EMG normalization
Contraction tests
Completion 13. Data saving and backup Experimenter m]
14. Remove equipment, thank participant Experimenter m]
Appendix 3: Biomechanical Raw Data Recording Sheet (Example)
Parameter Specific Parameter Trial 1 Trial 2 Trial 3 Average Unit
Category
Kinematics Shoulder Horizontal Abd. Angle (Peak) °
Elbow Min Angle °
Trunk Tilt Variation (SD) °
Pelvic Tilt Variation (SD) °
Concentric Phase Time s
Eccentric Phase Time s
Kinetics Vertical GRF Peak N
Relative Peak Force (Peak Force/BW) N/kg
Rate of Force Development (0-50ms) N/s
EMG Pectoralis Major (%MVIC) %
Anterior Deltoid (%MVIC) %
Triceps Brachii (%MVIC) %
Rectus Abdominis (%MVIC) %
Erector Spinae (%MVIC) %

Shoulder Co-activation Index -

Data Processor:
Participant ID: ___ Specialization: Test Date:

Appendix 4: Maximal Voluntary Isometric Contraction (MVIC) Testing Protocol:

Used to normalize EMG signals from the push-up to %MVIC. Each action involves holding a maximal
isometric contraction for 3-5 seconds, repeated 3 times, with 60-second rest intervals.

Pectoralis Major

Posture: Seated, shoulder abducted 90° and flexed 90°, elbow extended.

Resistance: Applied at the wrist, instruct participant to perform horizontal adduction.

Stabilization: Stabilize the shoulder girdle and trunk to prevent compensation.

Anterior Deltoid

Posture: Seated, shoulder flexed 90°, elbow extended.

Resistance: Applied downward on the distal arm, instruct participant to resist and maintain position.
Triceps Brachii

Posture: Prone, shoulder flexed 90°, elbow flexed 90°.

Resistance: Applied on the distal forearm, instruct participant to perform elbow extension.

Rectus Abdominis

Posture: Supine, hips and knees flexed to 90°.

Resistance: Applied against the sternum, instruct participant to perform a crunch and resist the force.
Erector Spinae
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Posture: Prone, torso suspended over the edge of a plinth.

Resistance: Applied over the thoracic region, instruct participant to perform trunk extension and resist
the force.

Recording: The average EMG amplitude over the middle 3 seconds of each MVIC trial is taken as the
100% MVIC reference value for that muscle.

Appendix 5: Data Quality Control Standards:

To ensure data validity, the following exclusion criteria were applied during data processing:
Movement Standardization:

Failure to fully extend elbows before initiating the next repetition.

Descent depth not reaching 90° elbow flexion.

Obvious trunk sagging (lordosis) or arching (kyphosis).

Movement rhythm deviating from the metronome by more than +10%.

Signal Quality:

Loss of kinematic marker trajectory for more than 10 consecutive frames.

EMG signals containing significant motion artifact or baseline drift that cannot be corrected by filtering.
Force platform signals showing significant noise or abnormal peaks.

Validity Determination:

For each participant, at least 2 of the 3 trials must meet the above criteria to be included in the final
analysis.

If only 1 trial is valid, additional testing is required.
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