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Editorial

Applying Symmetry to Motor Control in Sports and Rehabilitation

Arthur de Sa Ferreira * and Fabio Vieira dos Anjos *

Postgraduate Program in Rehabilitation Science (PPGCR/UNISUAM), Centro Universitdrio Augusto Motta,
Rio de Janeiro 21041-020, Brazil
* Correspondence: arthurde@souunisuam.com.br (A.d.S.E); fabioanjos@souunisuam.com.br (FEV.d.A.)

Symmetry is a core yet controversial concept in the health sciences, spanning multiple
disciplines from anatomy and biomechanics to pathophysiology, with important clinical
implications for both diagnostic and therapeutic practices [1]. In human movement science,
symmetry has traditionally been regarded as an indicator of optimal function [2]; however,
growing evidence suggests that asymmetry may represent not only impairment, but also
adaptation, compensation, or task-specific specialization.

In recent years, there has been renewed interest in investigating symmetry and asym-
metry in biomechanical and functional aspects of individuals with neurological and mus-
culoskeletal conditions, as well as in athletic and physically active populations. Although
body (as)symmetry is often easily recognized using subjective observation, its objective
quantification (whether structural or functional) remains methodologically challenging.
Moreover, the effects of symmetry-related factors—such as posture alignment [3], sided-
ness, bodyweight distribution [4], muscle activation on postural control [5], activities of
daily living [5], injury risk [6], and sports performance [7]—are not yet fully understood.
Clarifying these issues is essential for improving both performance assessment and clinical
and preventive intervention design.

In this Special Issue, the contributions encompass studies on upper- and lower-limb
asymmetry and their functional consequences, such as the relationship between morpho-
logical asymmetry and grip strength [8] and the association between temporal-spatial gait
asymmetry and dynamic balance in children with hemiplegic cerebral palsy [9]. Several
papers explore symmetry in sports and physical activities, including bilateral landing
mechanics under different flooring conditions [10], laterality and spatial asymmetry in elite
football penalty kicks [11], and the relationship between handedness and scoring success
in handball [12]. Additional contributions address applied and methodological aspects,
such as asymmetries in school furniture alignment and anthropometry [13], the influence
of core muscle endurance on frontal-plane movement symmetry during indoor walking
or cycling [14], and the dependence of asymmetry outcomes on the test used and player
category in male volleyball players [15].

Taken together, these studies provide new information regarding (i) how symmetry
and asymmetry manifest in human movement, (ii) how they can be reliably assessed,
and (iii) how they may inform training strategies, injury prevention, and rehabilitation
programs. We hope that this Special Issue will serve as a useful reference for researchers,
clinicians, and practitioners interested in advancing the understanding and application of
symmetry-related concepts in motor control, sports, and rehabilitation.

Author Contributions: Conceptualization, A.d.S.F. and F.V.d.A.; writing—original draft preparation,
A.d.SF and FV.d.A,; writing—review and editing, A.d.S.F. and F.V.d.A.; supervision, A.d.S.F. and
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Abstract

Bilateral morphological asymmetry of the upper limbs may influence grip strength even
in semi-active young adults. Understanding this relationship is important for identifying
early neuromuscular imbalances with implications for ergonomics and rehabilitation. This
study aimed to examine associations between upper limb anthropometric characteristics
and grip strength in non-athlete students, considering gender and manual dominance.
The sample included 192 healthy university students (110 females, 82 males; mean age
19.92 + 1.4 years) without prior sports training. Thirteen bilateral anthropometric parame-
ters of the upper limbs were assessed, including hand and palm dimensions, segmental
lengths, and arm and forearm circumferences, along with grip strength measured by
dynamometry in two positions: arm extended and arm flexed at 90°. Statistical analysis re-
vealed significant differences in forearm length, arm and forearm circumferences, and grip
strength (p < 0.001). The dominant limb consistently demonstrated higher grip strength,
with mean differences of approximately 2 kg. Male participants showed higher absolute
values for all morphological and functional variables, whereas stronger correlations be-
tween distal upper-limb morphology and grip strength were observed in females. These
findings indicate that, despite largely symmetric skeletal dimensions, moderate functional
asymmetries exist and grip strength is influenced primarily by local muscular development
rather than overall limb size.

Keywords: bilateral symmetry; upper limb morphology; grip strength; dynamometry;
anthropometric analysis; functional asymmetry

1. Introduction

Upper limb asymmetry is a phenomenon frequently observed even among appar-
ently healthy young adults, such as students. These differences are influenced by factors
such as manual dominance [1-3], daily habits of preferential hand use, and individual
neuromuscular development. In students, who spend much time in sedentary or repet-
itive academic activities (writing, keyboard use), these asymmetries can become more
pronounced, especially in the absence of functional balance generated through physical
activity [4,5].
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Over time, even minor differences can affect posture, movement ergonomics, or
the distribution of muscular effort [6,7]. The evaluation of these discrepancies becomes
essential not only for understanding general functional status, but also for preventing
chronic imbalances, especially in the context of transition to active professional life. In this
sense, analyzing morphological and functional symmetry offers a valuable perspective
on body balance [8-10] and can support personalized interventions in physical education,
rehabilitation, or even vocational selection.

This asymmetry can be morphological in nature: differences in length, width, circum-
ference between the right and left limb; or functional: differences in grip strength [11,12],
mobility, or motor coordination capacity.

Functional and morphological asymmetries [13-15] of the upper limbs [16,17] are
frequently encountered among students, even in the absence of an active sports regimen.
Differences in strength, length, or muscle mass differences between the right and left
limbs can be explained both by manual dominance (right-handed vs. left-handed) and
by disproportionate daily use of the dominant hand. These asymmetries can influence
functional performance [18-20], posture, and risk of injury in daily life.

Studies have shown that even in the absence of sports practice, manual dominance [21]
plays a significant role in the development of functional asymmetries [22], favoring the
strength and muscle mass of the dominant limb [23]. Although the young adult popula-
tion, especially students, is often perceived as functionally homogeneous, recent research
suggests significant asymmetries in the upper limbs [24,25], even in the absence of sports
training. These asymmetries can be explained by lateral dominance, but also by repetitive
daily activities that involve preference for using a single hand.

A significant correlation was observed between grip strength and body segment size
among young adults, with notable bilateral variations [26]. Additionally, Burdukiewicz et al.
(2020) reported significant differences between athletes and sedentary students regarding
the symmetry of grip strength and muscle mass [23]. This evidence suggests that asymmetry
is a common characteristic among the university population and can serve as a useful
indicator for functional assessments or corrective interventions. Moreover, differences in
arm circumference, palm length, or grip strength [27] reflect not only natural anatomical
variations, but also individual functional adaptations. Evaluating these asymmetries
among non-athlete students [28-30] offers a valuable perspective on musculoskeletal
balance status, with implications for prevention of imbalances, performance optimization,
and early rehabilitation interventions. In this context, the present study aims to examine the
relationship between bilateral morphological symmetry [31,32] and functional symmetry,
offering a complete analysis of potential links between anthropometric parameters and
force generation capacity at the upper limb level [33,34].

Based on an analysis of the specialized literature, we identified several gaps in research
on morphological asymmetry and manual grip strength. Research on the influence of bi-
lateral morphological asymmetry of the upper limbs on grip strength among non-athlete
students has significant gaps that limit the validity and applicability of the results. From
a methodological perspective, the current literature reflects a lack of standardization in
measurement protocols, manifested through variability in criteria for defining significant
morphological asymmetry and absence of consensus on relevant anthropometric parame-
ters. Methods for evaluating grip strength vary in testing positions, number of attempts,
and recovery intervals, compromising study comparability. Additionally, inadequate con-
trol of confounding variables such as lateral dominance, impact of sedentary behaviors,
and occupational factors specific to the university population is observed. Aspects re-
lated to gender differences in the manifestation of asymmetry and the implications of
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different equipment and technology use on asymmetric development are insufficiently
explored. From a conceptual perspective, uncertainties persist regarding cause-and-effect
relationships between morphological asymmetry and strength differences, and underlying
neuromotor mechanisms remain unclear [35,36]. The lack of longitudinal studies prevents
understanding of the dynamics of asymmetry development during the university period
and the long-term implications for musculoskeletal health. The practical applicability of
results is limited by the absence of reference values specific to the population and correla-
tions with functional performance in daily activities [37,38]. These limitations highlight
the necessity for standardized protocols, longitudinal studies, and a clear definition of
the significance of morphological asymmetry in the context of the non-athletic university
population. Research that integrates in a unified manner segmental measurements (lengths,
circumferences, spans) with bilateral dynamometric evaluations among non-athlete stu-
dents is relatively scarce and focuses especially on the assessment of motor components.

The present study makes an original contribution by investigating the relationship
between morphological and functional symmetry of the upper limbs in a population of young
adult students who are semi-active or moderately active and do not engage in competitive
sports. Unlike the existing literature, which predominantly focuses on elite athletes or clinical
populations with musculoskeletal pathologies, this research adopts an integrated approach,
combining detailed segmental anthropometric assessments with bilateral dynamometric
measurements performed in two distinct positions. The main innovative aspects consist of:
characterization of asymmetries in an intermediate population, representative of the majority
of young people in academic settings, thus providing reference values for healthy individuals
with moderate physical activity; simultaneous and correlated analysis of morphological
parameters (segmental measurements of arm, forearm, and hand) and functional parameters
(bilateral grip strength), enabling the identification of direct structure—function relationships;
dynamometric evaluation in two different biomechanical contexts, which allows the detection
of position-dependent asymmetries and provides a more comprehensive picture of bilateral
functional capacity; and comparative analysis between sexes, both for morphological and
functional asymmetries, as well as for the correlations between them, aspects insufficiently
investigated in previous studies on non-athletic populations. This multidimensional approach
allows not only the identification of the degree of morphological and functional asymmetry
at the upper limb level, but also testing the hypothesis that structural asymmetries correlate
with functional ones and that these relationships may differ according to gender and the
biomechanical context of the assessment.

The study aims to identify bilateral differences and correlations between segmental an-
thropometric dimensions of the upper limbs and grip strength (evaluated by dynamometry)
in young adults, students, and non-athletes, by gender and manual dominance.

The study hypothesis was that asymmetry at the upper-limb level influences manual
grip strength (dynamometry) in non-athlete students and that these effects differ by gender
and manual prevalence.

2. Materials and Methods
2.1. Participants

The study included 192 participants, of which 110 were female and 82 were male, with
ages ranging between 18 and 26 years (mean age: 19.92 years). The mean body mass and
height of the total sample were 66.7 £ 13.8 kg and 170.9 £ 8.9 cm, respectively. In the female
group, mean body mass was 60.1 £ 10.0 kg and mean height was 165.7 & 6.6 cm, while in
the male group, mean body mass was 75.5 £ 13.4 kg and mean height was 177.9 & 6.2 cm.
All subjects were volunteers recruited from students at a higher education institution,
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clinically healthy and fit for physical effort, without musculoskeletal conditions or other
contraindications that could influence anthropometric or functional measurements. Clin-
ically healthy students who did not have musculoskeletal conditions or other medical
contraindications were included in the study and provided informed consent for partic-
ipation. An additional inclusion criterion was the subjects” declaration that they do not
regularly practice physical exercise or are not registered with any sports club, to ensure the
sample was representative of the non-athlete young adult population.

2.2. Study Design

This study took place from 27 March to 15 May 2025, with the objective of measuring
anthropometric parameters and dynamometry of the subjects’ upper limbs. The anthropo-
metric measurement sessions were conducted under similar conditions and with the same
measurement instruments for all participants. The order of performing anthropometric mea-
surements was identical for all subjects. Anthropometric measurements of the upper limbs
were performed bilaterally (both on the right side and on the left side). All measurements
were performed in the faculty’s physical education halls. Participants wore specific sports
clothing and were instructed not to engage in intense physical exercise for at least 12 h before
testing. Each measurement was performed with the same apparatus and equipment by the
same evaluator to reduce inter-rater variability. Each parameter was recorded once, except for
dynamometry, where the highest value from two attempts was taken into consideration. Data
were centralized in digital format (Microsoft Excel 2021), processed, and statistically validated
before final analysis. For measurements, the following were used: a stadiometer for height, a
digital scale, a digital caliper, a flexible measuring tape, and a digital dynamometer.

The study was approved by the Ethical Board of the Faculty of Physical Educa-
tion and Mountain Sports of Transilvania University of Brasov under the document no.
101/26.03.2025.

2.3. Measurements

For this study, 15 measurements were performed: 13 anthropometric and two motor.
All anthropometric measurements were conducted according to standardized anthropo-
metric procedures based on internationally accepted guidelines. Anatomical landmarks,
participant positioning, and measurement techniques were defined in advance and applied
consistently across all participants, following principles commonly used in anthropometric
research and comparable to those described in the International Society for the Advance-
ment of Kinanthropometry (ISAK) framework and were performed with standardized
equipment as follows: for anthropometric evaluations of widths and lengths at the hand
and palm levels, we used a Mitutoyo 500-196-30 digital caliper with a measurement range
of 0-100 mm, a reading precision of 0.01 mm, and a tolerance of +0.01 mm. Segmental
lengths (such as forearm length, arm length, and upper limb length) were measured with
a flexible tape measure (150 cm), and circumferences were measured with an ergonomic
tape measure featuring a self-tightening mechanism to ensure uniform application without
tissue compression (Seca 201, Seca GmbH, Hamburg, Germany). For evaluations of hand
grip strength, a GRIPX digital dynamometer was used, with a capacity of 90 kg, electronic.
Although no formal validation study specific to this model has been published, digital
hand dynamometers have been shown to provide reliable and valid measurements of
grip strength in young adult populations when standardized testing protocols are applied.
Similar digital dynamometry devices [39] have been widely used in previous studies inves-
tigating grip strength and its relationship with anthropometric parameters in students and
healthy adults, supporting the methodological adequacy of this approach.

6 https://doi.org/10.3390/sym18010122
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Anthropometric evaluations:

— Height—distance between the vertex (top of the head) and the sole level (support
surface) in orthostatic position.

— Palm width—direct distance from the most lateral point of the second metacarpal
head to the most medial point of the fifth metacarpal head.

— Palm width (thumb included)—direct distance from the most lateral point of the first
metacarpal head to the most medial point of the fifth metacarpal head.

— Palm length—distance between the styloid line and the proximal phalanges between
the middle and ring fingers.

— Hand length—distance between the styloid line and dactylion.

—  Palm span—distance between the proximal phalanges of the little finger and the distal
phalanges of the thumb, with fingers extended at maximum ang]es.

— Upper limb length—distance between the acromion and dactylion in orthostatic
position, with the upper limb completely extended.

—  Forearm length—distance between the lateral epicondyle of the humerus (olecranon)
and the styloid process of the radius (styloid line where the prominence at the wrist
is felt).

—  Wrist circumference—on the styloid line, at the level of the styloid processes of the
radius and ulna bones, i.e., at the two lateral bony prominences of the wrist. The mea-
suring tape is placed exactly over these points, applied firmly but without compressing
tissue, completely surrounding the joint.

— Relaxed forearm circumference—with the subject in orthostatic position and palm
oriented anteriorly, half the distance between the lateral epicondyle and styloid process
is determined, and the measuring tape is wrapped around the forearm.

— Flexed forearm circumference—with the subject in orthostatic position and palm
oriented anteriorly, the subject is instructed to clench the fist and tense the forearm
muscles in isometry, with the measuring tape wrapped around the forearm.

— Relaxed arm circumference—with the subject in orthostatic position and arm bent
at the elbow at 90°, half the distance between the acromion and olecranon is deter-
mined and the measuring tape is wrapped at mid-distance, around the arm, without
compressing tissues.

—  Flexed arm circumference—with the subject in orthostatic position and arm bent at
the elbow at 90°, in isometry, the subject is instructed to simultaneously clench the fist
and flex the biceps, with the measuring tape wrapped around the arm.

Arm and forearm circumferences were analyzed as absolute anthropometric measures.
Corrected circumferences adjusted for adipose tissue were not calculated, as skinfold
thickness were not included in the study protocol. We aim to evaluate practical, field-based
anthropometric indicators commonly used in educational and ergonomic settings, rather
than estimates of isolated muscle cross-sectional area.

Motor evaluations:

— Dynamometry with extended arm—with the subject in orthostatic position with
extended arm and palm oriented anteriorly, the subject is instructed to squeeze the dy-
namometer as hard as possible, without compensatory movements. Two attempts are
performed with a 30 s pause between them. The highest value is recorded, expressed
in kilograms (kg).

— Dynamometry with arm bent at 90°—with the subject in orthostatic position, with arm
bent at the elbow joint at 90°, the subject is instructed to squeeze the dynamometer
as hard as possible, without compensatory movements. Two attempts are performed
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with a 30 s pause between them. The highest value is recorded, expressed in kilo-
grams (kg).

2.4. Statistical Analysis

Analyses were performed in IBM SPSS Statistics for Windows Version 26; IBM Corp.,
Armonk, NY, USA, with significance threshold &« = 0.05 (bilateral). The statistical power
of the sample was calculated with G*Power 3.1.9.4. a priori/post hoc, indicating that
for the main functional effects (d* ~ 0.46-0.53), a sample of ~28-37 participants would
ensure power >0.80 (x = 0.05), while for smaller morphological effects, ~102 participants
would be necessary. Our study included n = 192 subjects; the achieved power for key
results was ~1.00 (functional) and ~0.97 (e.g., forearm length), confirming sample ade-
quacy for detecting effects of interest. For each bilateral variable, descriptive indicators
(mean, standard deviation, minimum, maximum, skewness, kurtosis, CV%) and 95% con-
fidence intervals (95% CI) were calculated. Left-right differences were evaluated using
paired Student’s t-tests; comparisons between genders were evaluated using independent
Student’s t-tests; and bivariate Pearson correlations were calculated between manual an-
thropometric measurements and dynamometric strength measurements. The coefficient of
variation (CV) was calculated to highlight group homogeneity. We also calculated Cohen’s
d effect size. For paired tests, effect size was expressed through the statistical parameter
Cohen’s (d?). The Pearson correlation coefficient was used to identify correlations be-
tween anthropometric indicators and grip strength; analyses were performed separately
by gender (M/F), laterality (left/right), and posture (extension/flexion at 90°), with 12
anthropometric indicators per set. For identifying differences between the left and right
upper segments. Before performing inferential analyses, the assumptions for parametric
testing were examined. Data normality was assessed using the Shapiro-Wilk test, and
homogeneity of variance was evaluated using Levene’s test. These analyses supported the
use of parametric statistical procedures.

3. Results

In Table 1, the analysis of the fourteen bilaterally measured anthropometric parame-
ters reveals consistent differences between genders, especially in linear dimensions and
circumferences, as well as good body symmetry between the left and right sides. Regarding
palm width, the mean values were 9.45 &= 0.61 cm in the female group and 10.63 = 1.09 cm
in the male group, with the difference confirmed by 95% confidence intervals. Hand
length showed a similar trend, with means of 17.18 4 0.94 cm in the female group and
18.89 £ 1.04 cm in the male group. For circumferences, values were significantly higher in
the male group. At the wrist level, the mean was 15.6 cm in the female group and 17.4 cm
in the male group. The difference was accentuated at the flexed arm, where the female
group had a mean circumference of 27.9 £ 3.95 cm, while the male group had a mean
circumference of 32.9 & 4.24 cm.

Table 1. Descriptive statistics of the 14 parameters according to laterality and gender.

Parameters Hand Gender Min. Max. X SD CI 95% Kurtosis CV%

Lower Upper

F 8.00 1070  9.444 0613  9.329 9.559 —0509  6.496

Palm width with L M 880 12.00 10.615 0773 10447  10.782 —0564  7.283
thumb (cm) F 8.00 10.80  9.436 0.607  9.322 9.550 —0.276 6438

R M 880 1200 10549 0729 10391  10.707 —0219 6912
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Table 1. Cont.

Parameters Hand Gender Min. Max. X SD CI 95% Kurtosis CV%
Lower Upper
F 7.00 9.00 7.869 0.456 7.783 7.954 —0.294 5.800
L
M 6.50  10.00 8.743 0.592 8.615 8.871 1.644 6.773
Palm width (cm)
F 6.70 9.50 7.790 0.493 7.697 7.882 0.709 6.325
R
M 730  10.00 8.650 0.548 8.531 8.769 —0.354 6.338
F 850  11.30 9.768 0.615 9.653 9.883 —0.300 6.292
L
M 850 12.00 10.556 0.675 10.410 10.702 0.751 6.394
Palm length (cm)
F 840 11.30 9.720 0.602 9.607 9.833 0.025 6.195
R
M 8.80 12.00 10.513 0.682 10.366 10.661 0.495 6.489
F 1550 19.80 17.406 0.881 17.240 17.571 —0.244 5.060
L
M 17.00 21.00 18.744 0.908 18.547 18.940 —0.637 4.846
Hand length (cm)
F 13.20 2050 17.380 1.052 17.182 17.577 1.720 6.051
R
M 16.80 20.50 18.635 0.928 18.435 18.836 —0.664 4979
F 16.50 2250 18.986 1.306 18.741 19.231 —0.386 6.881
L
M 1820 24.60 21.240 1.415 20.934 21.547 —0.437 6.662
Hand span (cm)
F 13.30 22.00 18.882 1.452 18.609 19.154 0.989 7.692
R
M 18.80 25.30 21.223 1.463 20.906 21.540 —0.223 6.894
F 20.00 28.00 24.112 1.604 23.811 24413 —0.251 6.651
L
M 22.70 2850  25.941 1.299 25.660 26.223 —0.389 5.007
Forearm length (cm)
F 20.00 29.00 24.369 1.801 24.031 24.707 —0.027 7.392
R
M 2250 29.50 @ 26.328 1.518 26.000 26.657 0.064 5.765
F 27.00 36.00 31.490 1.946 31.125 31.855 —0.369 6.180
L
M 27.00 4350  33.155 3.161 32.471 33.839 1.185 9.534
Arm length (cm)
F 26.00 36.50 31.453 2.021 31.074 31.833 —0.220 6.427
R
M 26.00 43.00 32.939 3.463 32.189 33.689 0.374 10.514
F 1340 19.00 15.649 1.293 15.406 15.891 —0.428 8.263
L
M 1550 19.00 17.068 0.936 16.866 17.271 —0.806 5.487
Wrist circumference (cm)
F 13.40 1950 15.645 1.280 15.405 15.885 0.004 8.179
R
M 1550 19.00 17.082 0.889 16.889 17.274 —0.738 5.207
F 17.80  30.00 23.507 2.312 23.073 23.941 0.594 9.835
L
Relaxed forearm M 22.00 3250 26937 2.299 26.439 27.434 —0.192 8.534
circumference (cm) F 18.40 30.30 23.876 2.266 23.451 24.302 0.454 9.491
R
M 2240 3350 27.279 2.336 26.774 27.785 0.027 8.564
F 18.70 31.00 24.099 2.276 23.672 24.526 0.687 9.445
L
Tense forearm M 23.00 3350 27.677 2.407 27.156 28.198 —0.057 8.696
circumference (cm) F 19.10 31.00 24476 2269 24050  24.902 0.451 9.270
R
M 2320 3450 28.059 2.368 27.546 28.571 0.191 8.438
F 1840 38.30 26.106 3.644 25.422 26.790 1.093 13.957
L
Relaxed arm M 21.50 42.00 29.882 3.894 29.039 30.724 0.367 13.030
circumference (cm) F 1920 38.00 26.330 3.664 25.642 27.018 1.226 13.916
R
M 21.50 43.00 29.987 3.767 29.171 30.802 1.368 12.563
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Table 1. Cont.

Parameters Hand Gender Min. Max. X SD CI 95% Kurtosis CV%

Lower Upper

F 2100 4100 27760 3702 27065 28455 1492  13.335
L M 2370 4700 32.868 4239 31951 33786 1158  12.898

Tense arm circumference F 2160 4100 28008 3.626 27328 28689 1284  12.946
R M 2470 4700 33118 4306  32.186 34050  1.029  13.002

F 1350 3680 23865 5019 22923 24807  —0346  21.031

Extended arm L M 2000 6450 36450 10.606 34154 38746 0211  29.097
dynamometry (kg) F 1250 4450 25862 6232 24692 27032 0237  24.09%

R M 1990 6930 38728 11707 36194 41262  —0315 30230

F 990 3990 23098 5515 22063 24134 0201  23.877

Bend arm L M 1850 71.00 35235 11295 32791  37.680 1150 32055
dynamometry (kg) F 1070 3680 25004 6059 23866 26141  —0536  24.233

R M 1950 6290 37505 11122 35097 39912 0615  29.656

Min—minimum; Max—maximum; X—mean; SD—standard deviation; CI 95%—confidence interval 95%; CV—
coefficient of variation; L—left; R—right; F—female; M—male.

Comparison of the left and right sides did not reveal significant differences. Means
were almost identical across genders, and confidence intervals overlapped. For example,
forearm length was 23.9 £ 1.46 cm (left) and 24.3 4= 1.54 cm (right) in the female group, and
26.3 £ 1.69 cm and 26.6 £ 1.75 cm in the male group, respectively. These results suggest
stable structural symmetry between the two sides of the body:.

The most evident differences between genders were observed in strength tests (dy-
namometry). In the extended arm test, the female group had a mean of 23.7 & 7.6 kgf, while
the male group had a mean of 36.1 & 9.1 kgf. In the bent arm test, results were similar:
22.9 + 8.2 kgf in the female group and 36.2 & 8.5 kgf in the male group. Maximum values
reached 55 kgf in the female group and over 70 kgf in the male group, illustrating not only
the difference between means, but also greater variability in the male group.

The study results confirm that the male group presents significantly larger dimensions
and strength than the female group, while bilateral symmetry is well preserved. These
observations are relevant to both the sports and ergonomic domains, as well as to clinical
applications, where assessment of body proportions and muscle strength can contribute to
understanding functional performance and injury risk.

Descriptive characteristics of the sample showed clear differences between genders.
Male participants presented higher mean body mass and height compared to female
participants, while age distribution was comparable between groups.

The comparative analysis in Table 2 of upper limb anthropometric parameters revealed
clear differences between genders, with consistently higher values in the male group across
all linear dimensions and circumferences, as well as in muscle strength tests. At the same
time, no notable differences were observed between the left and right sides, suggesting stable
bilateral body symmetry. Regarding palm and hand dimensions, the male group showed
superior values compared to the female group across width, length, and span. For example,
hand length was approximately 2 cm greater in the male group, and palm span exceeded
female group values by about 2.5 cm, with differences statistically confirmed (p < 0.001). At
the level of proximal segments (forearm and arm), differences became even more evident.
Mean forearm length was greater in the male group by approximately 2 cm, and arm length
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by 4-5 cm. These results confirm that gender differences are expressed more markedly at
the level of large bone and muscle structures. The most evident contrasts were observed in
circumferences. Under conditions of muscle contraction, arm circumference in the male group
exceeded that of the female group by nearly 5 cm, reflecting differences in muscle mass.

Table 2. Paired sample test analysis of the anthropometrics and dynamometric parameters according
to handedness.

95% CI
Parameters Hand AX SD t p d
LL UL
L 9.945 0.895 9.818 10.073
Palm width with thumb (cm) 1.392 0.166 0.100
R 9.911 0.859 9.789 10.034
L 8.240 0.675 8.144 8.336
Palm width (cm) 3.537 0.001 0.255
R 8.156 0.669 8.060 8.251
L 10.098 0.756 9.990 10.206
R 10.055 0.749 9.948 10.162
L 17.971 1.114 17.813 18.130
Hand length (cm) 1412 0.160 0.102
R 17.913 1.176 17.745 18.080
L 19.942 1.757 19.692 20.192
Hand span (cm) 1.049 0.296 0.076
R 19.882 1.856 19.618 20.147
L 24.880 1.746 24.631 25.128
Forearm length (cm) —3.697 0.000 —0.267
R 25.198 1.943 24.922 25.475
L 32.204 2.656 31.825 32.582
Arm length (Cm) 1.116 0.266 0.081
R 32.091 2.817 31.690 32.492
L 16.261 1.346 16.069 16.453
Wrist circumference (cm) —0.357 0.721 —0.026
R 16.270 1.334 16.080 16.460
Relaxed forearm circumference L 24.995 2.862 24.588 25.403 9480 0.000 _0.684
(cm) R 25.355 2.848 24.949 25.760
L 25.650 2.926 25.233 26.067
Tense forearm circumference (cm) —10.007 0.000 —0.722
R 26.030 2911 25.615 26.444
L 27.749 4.186 27.154 28.345
Relaxed arm circumference (cm) —1.996 0.047 —0.144
R 27.922 4.120 27.335 28.508
L 30.005 4.721 29.333 30.677
Tense arm circumference (cm) —2.506 0.013 —0.181
R 30.258 4.722 29.586 30.931
L 29.232 10.050 27.801 30.662
Straight arm dynamometry (kg) —6.345 0.000 —0.458
R 31.360 10.989 29.796 32.925
L 28.274 10.373 26.798 29.751
Bended arm dynamometry (kg) —7.315 0.000 —0.527
R 30.346 10.565 28.842 31.850

Cl—interval of confidence; LL—lower limit; UL—upper limit; SD—standard deviation; d—effect size; L—left;
R—right; t—Student’s t; p—significance level; d = Cohen’s effect size, statistical significance was set at p < 0.01.

In muscle strength tests, the contrast was clearly superior in favor of the male group.
Dynamometry values showed differences of approximately 12-13 kg between genders in
both the extended-arm and bent-arm tests (p < 0.001). Thus, the data support the idea of a
pronounced gender difference at the upper-limb level, as evidenced by higher values in the
male group across all anthropometric parameters and muscle strength. However, bilateral
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symmetry between the left and right sides suggests that these differences are uniformly
distributed and do not depend on laterality.

The results of the paired test in Table 3, analyzed separately for the female group and
male group, show that bilateral asymmetry in anthropometric parameters is reduced for most
measurements. For the forearm, both in the female and male groups, consistent differences
were evident between the left and right sides. In the female group, right forearm circumference
was approximately 0.33 cm greater at rest and 0.35 cm in contraction, both differences being
highly significant (p < 0.001). The effect was of moderate magnitude (d ~ —0.66 and —0.72),
suggesting clear muscular development of the dominant side. In the male group, values were
similar: +0.40 cm at rest and +0.42 cm in contraction on the right side (p < 0.001, d ~ —0.63 and
—0.74). The largest differences appeared in grip strength. The female group had on average
2.1 kg more strength in the right hand, both with extended arm and bent arm. Both results
were extremely statistically significant (p < 0.001) and with moderate effects (d ~ —0.5). In
the male group, differences were almost identical: —2.14 kg for extended arm and —2.09 kg
for bent arm, confirming the same tendency of superior strength on the right side (p < 0.001).

Table 3. Paired Sample test analysis between left and right hands of the anthropometrics and
dynamometric parameters according to gender.

95% CI
Parameters Gender AX SD t p d
LL UL
F —0.010 0.286 —0.044 0.064 —0.367 0.714 0.035
Palm width with thumb (cm)

M —0.066 0.395 —0.021 0.152 —1.509 0.135 —0.167

F —0.079 0.335 0.015 0.141 —2.452 0.016 —0.236
Palm width (cm)

M 0.927 0.327 0.020 0.164 —2.564 0.012 2.835

F —0.043 0.273 —0.009 0.094 1.641 0.104 —0.158
Palm length (cm)

M 0.042 0.372 —0.039 0.124 1.037 0.303 0.113

F 0.022 0.700 —0.110 0.154 0.327 0.744 0.031
Hand length (cm)

M 0.109 0.350 0.031 0.185 2.808 0.006 0.311

F 0.091 0.824 —0.065 0.246 1.156 0.250 0.110
Hand span (cm)

M 0.017 0.730 —0.143 0.177 0.212 0.833 0.023

F —0.268 1.072 —0.471 0.065 —2.624 0.010 —0.250

Forearm length (cm)

M —0.387 1.345 —0.682 —0.090 —2.601 0.011 —0.288

F 0.037 1.081 —0.168 0.240 0.353 0.725 0.034
Arm length (cm)

M 0.216 1.746 —0.167 0.599 1.119 0.266 0.124

F —0.005 0.337 —0.069 0.058 —0.169 0.866 —0.015

Wrist circumference (cm)
M —0.014 0.352 —0.090 0.064 —0.344 0.731 —0.040
F —0.371 0.477 —0.462 —0.281 —8.165 0.000 —0.778
Relaxed forearm circumference (cm)
M —0.342 0.585 —-0.471 —-0.214 —5.299 0.000 —0.585
F —0.378 0.480 —0.469 —0.287 —8.254 0.000 —0.788
Tense forearm circumference (cm)
M —0.382 0.584 —0.510 —0.253 —-5.919 0.000 —0.654
F —0.222 0.855 —0.384 —0.061 —2.732 0.007 —0.260
Relaxed arm circumference (cm)
M —0.105 1.544 —0.444 0.234 —0.615 0.540 —0.068
F —0.255 0.745 —0.396 —-0.114 —3.592 0.000 —0.342
Tense arm circumference (cm)
M —0.250 1.967 —0.682 0.182 —1.151 0.253 —0.127
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Table 3. Cont.

95% CI
Parameters Gender AX SD t p d
LL UL

F —2.017 3.769 —2.729 —1.305 —5.613 0.000 —0.535
Straight arm dynamometry (kg)

M —2.278 5.638 —3.517 —1.039 —3.660 0.000 —0.404

F —1.923 3.147 —2.518 —1.328 —6.409 0.000 —0.611
Bended arm dynamometry (kg)

M —2.270 4.784 —3.320 —1.218 —4.295 0.000 —0.475

Cl—interval of confidence; LL—lower limit; UL—upper limit; SD—standard deviation; M—male; F—female;
d—effect size; t—Student’s t; p—significance level; statistical significance was set at p < 0.01.

Analysis of effect size (Cohen’s d) revealed important differences between structural
and functional parameters of the upper limbs. For most linear measurements (palm
length and width, hand or arm length, wrist circumference), d values were very small
(below 0.2), indicating small effects and little practical relevance. This result suggests
bilateral structural symmetry, with minimal differences between the left and right sides. In
contrast, for muscular and functional parameters, effects of moderate to large magnitude
were identified. Forearm circumference showed effects ranging from d = —0.63 to d = —0.74,
in both the female and male groups, in the relaxed state and during contraction. These
values indicate consistent differences in favor of the right side, reflecting more pronounced
muscular development in the dominant forearm. Additionally, grip strength presented
moderate effects (Cohen’s d ~ —0.5 to —0.6), confirming a clear functional difference
between the literalities. The approximately 2 kg difference in favor of the right hand,
observed in both the female and male groups, demonstrates the practical relevance of these
effects. Thus, Cohen’s d values suggest that while bone and articular dimensions remain
largely symmetric, bilateral asymmetry with practical effect manifests especially at the
muscular and functional level, being closely linked to manual dominance.

Mean grip strength values for dominant and non-dominant upper limbs in female
and male participants, measured with the arm extended and with the arm flexed at 90°.
Dominant limbs correspond to the right side for the majority of participants.

Table 4, Figure 1, reveals distinct association patterns, with relative structural symme-
try and asymmetric, gender-dependent functionality. Among female participants, Pearson
correlation analysis reveals significant associations between forearm and wrist circum-
ference variables and grip strength. For example, flexed forearm circumference (right)
correlates strongly with grip strength in extended position (r = 0.262, p = 0.006) and bent
position (r = 0.305, p = 0.001). In contrast, wrist and relaxed forearm circumference show
significant bilateral correlations, with r values ranging between 0.256 and 0.350 (p < 0.01).
These results suggest that distal segmental muscular development is an efficient predictor
of functional strength in the female population. Notably, palm width also correlates signifi-
cantly with right-sided grip strength (r = 0.436, p < 0.001), suggesting a possible structural
influence of the support base on force transmission.

In male subjects, relationships are less pronounced. Still, significant correlations are
observed between relaxed forearm circumference (left) and grip strength in both positions
(r = 0.29, p <0.01), as well as between flexed arm circumference and grip strength (r = 0.264,
p = 0.016). This functional asymmetry in the expression of correlations suggests a different
biomechanical model between genders. In the female group, grip strength appears more
dependent on distal parameters (forearm, wrist). In contrast, in the male group, strength
is distributed more diffusely and influenced by additional neuromuscular factors not
directly reflected in segmental morphology. Additionally, the consistency of significant
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relationships on the right side in both the male group and female group confirms functional
lateral dominance, with associated morphological adaptations.

Table 4. Pearson correlations between dynamometric measurements and anthropometric parameters
in relation to gender and handedness.

Straight Arm Bended Arm Dynamometry
Parameters Gender Side Dynamometry
r p r p
M L —0.125 0.262 —0.014 0.902
R 0.025 0.821 0.092 0.409
Palm width with thumb (cm)
. L 0.144 0.134 0.157 0.104
R 0.281 ** 0.003 0.256 ** 0.007
M L 0.121 0.279 0.133 0.235
R 0.130 0.245 0.143 0.200
Palm width (without thumb) (cm)

. L 0.274 ** 0.004 0.327 ** 0.001
R 0.437 ** 0.000 0.422 ** 0.000
M L 0.198 0.076 0.192 0.085
R 0.210 0.064 0.205 0.071

Palm length (cm)
. L 0.175 0.069 0.153 0.113
R 0.205 * 0.033 0.152 0.115
M L 0.112 0.317 0.104 0.350
R 0.033 0.766 0.027 0.810

Hand length (cm)
. L 0.223 * 0.020 0.193 * 0.044
R 0.275 ** 0.004 0.270 ** 0.005
M L 0.181 0.104 0.150 0.180
R 0.191 0.087 0.161 0.147

Hand span (cm)
. L 0.093 0.337 0.162 0.092
R 0.068 0.482 0.104 0.281
M L 0.236 * 0.032 0.211 0.063
R 0.253 * 0.021 0.225 * 0.049

Forearm length (cm)

. L 0.212* 0.027 0.218 * 0.023
R 0.085 0.378 0.100 0.303
M L 0.298 ** 0.006 0.266 * 0.015
R 0.303 ** 0.005 0.270 * 0.014

Arm length (cm)
. L 0.008 0.930 0.007 0.944
R 0.106 0.272 0.065 0.501
M L 0.195 0.080 0.176 0.113
R 0.210 0.064 0.201 0.070

Wrist circumference (cm)

. L 0.326 ** 0.001 0.354 ** 0.000
R 0.265 ** 0.005 0.326 ** 0.001
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Table 4. Cont.

Straight Arm Bended Arm Dynamometry
Parameters Gender Side Dynamometry
r p r p
M L 0.317 ** 0.004 0.309 ** 0.005
R 0.328 ** 0.003 0.315 ** 0.004
Relaxed forearm circumference (cm)

. L 0.319 ** 0.001 0.285 ** 0.003

R 0.259 ** 0.007 0.307 ** 0.001

M L 0.333 ** 0.002 0.322 ** 0.003

R 0.342 ** 0.002 0.328 ** 0.003

Tense forearm circumference (cm)

. L 0.342 ** 0.000 0.275 ** 0.004

R 0.265 ** 0.005 0.308 ** 0.001

M L 0.355 ** 0.001 0.349 ** 0.001

R 0.365 ** 0.001 0.358 ** 0.001

Relaxed arm circumference (cm)

. L 0.265 ** 0.005 0.238* 0.013

R 0.157 0.103 0.260 ** 0.006

M L 0.384 ** 0.000 0.378 ** 0.000

R 0.395 ** 0.000 0.389 ** 0.000

Tense arm circumference (cm)

. L 0.254 % 0.008 0.228* 0.017

R 0.174 0.070 0.251* 0.008

* M—group of male; F—group of female; L—left; R—right; r = Pearson correlation coefficient. ** Statistical
significance was set at p < 0.01. ** Correlation magnitude was interpreted as follows: trivial (r < 0.10), small
(r =0.10-0.29), moderate (r = 0.30-0.49), and large (r > 0.50).
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Figure 1. Grip strength differences between dominant and non-dominant upper limbs by sex and
testing position.
4. Discussion

The main purpose of this study was to investigate the relationship between segmental
morphological dimensions of the upper limbs and grip strength in the context of bilateral
asymmetry in young non-athletes. By analyzing differences in the upper limbs and between
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genders, the study aimed to highlight possible functional or structural imbalances. The
obtained results contribute to understanding how the preferential use of one upper limb
and anthropometric characteristics influence functional performance, even in the absence
of organized sports training.

Statistical analysis revealed significant differences between the dominant and non-
dominant limbs in functional parameters, especially grip strength, which showed clear
superiority of the dominant limb across testing positions. This functional asymmetry
appears as a systematic and recurrent phenomenon, reflecting neuromuscular adaptations
induced by predominant unilateral use. At the morphological level, although most param-
eters showed relatively well-preserved symmetry, significant discrepancies were observed
in forearm and arm length and circumference, suggesting localized structural adaptation,
most likely due to daily activity. Gender differences were also evident: the male group
showed higher values across all segmental dimensions and grip strength, whereas in the
female group, stronger correlations were observed between morphological characteristics
and functional performance.

Interestingly, although subjects in the male group had significantly greater strength,
subjects in the female group demonstrated more consistent and significant correlations
between segmental dimensions (forearm circumference, palm width) and grip strength.
This aspect suggests a more predictable functional model in the female group, where mor-
phological development is more closely linked to functional performance. In contrast, in the
male group, strength appears influenced by additional factors, possibly neurophysiological
or hormonal, that are not directly reflected in anthropometric dimensions.

The study results validate the research hypothesis regarding the link between morpho-
logical characteristics and functional performance, offering an essential scientific foundation
for using anthropometric evaluations in predicting grip strength. Therefore, Table 4 not
only supports the inclusion of gender and laterality differences in predictive models of
neuromuscular function but also highlights an essential functional asymmetry that must
be considered in ergonomics, sports medicine, and rehabilitation.

The results of this study offer a detailed perspective on bilateral asymmetries [40,41]
of the upper limbs among university students not involved in organized sports activity.
Although specialized literature tends to emphasize symmetry as a functional and mor-
phological ideal in healthy populations [42,43], our data indicate statistically significant
discrepancies, especially in functional parameters (grip strength) and, to a lesser extent, in
some morphological parameters, such as forearm and arm circumferences.

The most prominent form of asymmetry observed was functional, reflected in grip
strength differences between upper limbs [34,44,45]. This observation is in accordance
with specialized literature, which emphasizes that manual dominance leads to preferential
use of one limb, inducing functional hypertrophy and, consequently, greater strength
in the dominant limb [1,46—48]. Thus, differences of approximately 2 kg on average in
dynamometry tests between left and right limbs support the hypothesis of systematic and
constant functional asymmetry among non-athlete subjects. It is noteworthy that these
differences are not significantly influenced by the biomechanical testing position (extended
arm vs. bent arm), suggesting that the determining factors are neuromuscular rather than
strictly biomechanical.

In contrast to functional parameters, most morphological parameters did not show
significant bilateral differences. Notable exceptions were forearm length and forearm and
arm circumferences (both relaxed and flexed), where differences of up to 0.5-0.8 cm were
observed between limbs. These discrepancies, although relatively small in absolute terms,
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are statistically significant and indicate differentiated muscular adaptation in the dominant
limb, likely associated with repetitive, sustained use in daily activities.

These results are consistent with those reported by [23], who observed a similar pattern
of lateralized functional hypertrophy in athletes and the general population. However,
unlike studies focused on performance athletes, where morphological differences are
much more pronounced [49,50], the population studied in this case presents relatively
well-preserved structural symmetry, indicating a moderate influence of daily behavior on
segmental morphology.

Gender analysis revealed clear differentiation regarding both morphological and func-
tional parameters. The male group recorded significantly superior values for all strength
indicators and for most segmental dimensions (forearm, arm, palm). This result aligns
with recent meta-analyses that confirm physiological and hormonal gender differences in
muscle mass and strength performance [26,34].

A central aspect emerging from current literature is the influence of asymmetric use
on neuromuscular and morphological development of the upper limbs. Even in untrained
populations, such as those investigated in this study, manual dominance determines
differential stimulation of the musculature, with measurable effects on local strength and
tone. It has been demonstrated that laterality significantly influences grip performance
and that this difference directly correlates with segmental circumferences, especially at the
forearm level, in healthy young people. This finding supports our results regarding the
localized character of functional adaptations [26].

Additionally, the analysis of sex differences in the present study is in accordance
with the literature, suggesting a differentiated distribution of muscle mass and gender-
specific neuromuscular recruitment. Studies also emphasize that female and male group
use different strategies during muscular effort, even within upper-limb muscle groups [51].
Thus, our results, which indicate a more predictable relationship between morphology and
strength in the female group, can be explained by more linear neuromuscular control and a
more uniform distribution of muscle mass involved in gripping actions. In contrast, in the
male group, factors such as neural impulse, joint stiffness, or anabolic hormones may play
a more important role in force generation, independent of morphology.

Beyond the explanatory dimension, these findings also have applicative implications
in the field of ergonomics and rehabilitation. Grip strength, as an easily evaluated parame-
ter, can serve as an early indicator of neuromuscular imbalances or risk of dysfunctions
associated with excessive unilateral use. A specialized study highlights the need to assess
strength by position and by professional activity, showing that position differences can have
a reduced impact in the presence of marked functional dominance, as our data indicate [52].
We consider that dynamometric and segmental anthropometric evaluations can constitute a
valuable tool for evaluating correlations between anthropometric and motor parameters, as
predictive elements of body symmetries and harmonious physical development in young
people [53-57].

4.1. Practical Implications of the Study

The identification and quantification of these functional and morphological asym-
metries has major practical importance. In the context of physical education and the
prevention of postural imbalances, these results can guide personalized interventions to
balance functional loads on the upper limbs. Additionally, in ergonomics and occupational
medicine, these data can serve as a basis for adapting repetitive tasks (e.g., typing, lifting
objects, desk work) to be evenly distributed between limbs, thereby reducing the risk of
unilateral overload and musculoskeletal dysfunctions. At the same time, in neuromus-
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cular rehabilitation and sports medicine, evaluating these asymmetries can inform the
development of differentiated training or recovery protocols that account for laterality,
gender-related morphological variation, and segmental muscular adaptations.

4.2. Limitations and Future Directions

The study has several limitations that must be considered. First, the investigated
population consisted exclusively of young, healthy students, limiting the generalizability
of the results to other age groups or clinical populations. Second, electromyographic or
imaging measurements were not included to highlight differences in muscle activation or
tissue composition. In the future, integrating these methods could provide a more detailed
picture of the mechanisms underlying the identified functional asymmetries. Additionally,
the direct influence of daily activities or a history of physical exercise on symmetry was not
analyzed, an aspect that could be explored in future longitudinal research. Evaluation of
other body segments is also necessary to understand whether the asymmetry pattern is
localized or generalized.

5. Conclusions

The research results partially confirmed the initial hypothesis: general morphological
asymmetry is reduced and does not significantly influence functional parameters, but
specific muscle segments and local circumferences clearly correlate with grip strength.
Paired analyses showed constant functional asymmetry in favor of the right side, where
grip strength was approximately 2 kg greater, both in the female group and male group. In
parallel, forearm circumference (at rest and in contraction) presented significant differences
between left and right, with moderate effects. Pearson correlations revealed positive links
between forearm and arm circumference and grip strength, especially in the female group.
Regarding gender differences, the male group recorded higher values for all segmental
dimensions and grip strength, confirming evident functional and morphological differences
between genders. However, in the female group, correlations between morphological and
functional parameters were more consistent, indicating a closer relationship between
structure and performance.

The study confirms that bilateral structural asymmetry (lengths and widths) does not
significantly affect functional performance, whereas muscular asymmetry, especially at
the forearm level, directly influences grip strength. These findings validate the research
hypothesis and support the proposed title, highlighting that the influence of morphology
on strength is localized and functional rather than global. The results can contribute to
better understanding of the relationship between morphology and function in young
semi-active populations. They can support preventive or rehabilitation programs oriented
toward functional balancing of the upper limbs. Additionally, the study contributes to
filling the scientific gap regarding the relationship between the bilateral morphology of
the upper limbs and their functionality among the semi-active student population. These
results can form the basis for preventive or corrective interventions that address functional
and structural imbalances from the early stages of adult life.
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Abstract: With continued advancement in flooring technology, modular sports flooring tiles
have emerged as a potential alternative flooring solution for sports performance. However,
there is limited empirical evidence regarding their effects on ground reaction forces in
landing tasks (GRFs). Therefore, the aim of this study was to assess the effects of flooring
surface on peak GRFs during bilateral drop landings. Eighteen physically active adults (10
males, 8 females) completed three bilateral drop landings from a 50 cm height across each
of three flooring types: modular sport tiles, athletic track, and bare force plates, measuring
contacts from both the left and right limb. GRFs were captured using two in-ground force
platforms, normalised to body mass, and then analysed using a linear mixed-effects model
with post-hoc comparisons where significant interactions were recorded. Peak anterior
GRFs were significantly lower in the modular tiles compared with athletic sports track
and bare metal surfaces (p < 0.001, n2p > 0.430). Additionally, anterior (p = 0.048, nzp
= 0.040), lateral (p < 0.001, n?, = 0.280), and vertical (p = 0.001, n?, = 0.100) GRFs were
significantly greater in the right limb compared with the left limb within each flooring
surface condition. Future research should investigate sport-specific movement patterns
and long-term adaptations associated with training on modular surfaces to assess their
potential role in enhancing performance and mitigating injuries.

Keywords: kinetics; ground reaction forces; drop landings; surface; flooring

1. Introduction

Playing surface is a critical factor that can influence athletic performance and injury
risk across various sports. Contemporary sports surfaces are designed to incorporate
natural, synthetic, or a combination of materials to enhance overall performance experi-
ence and mitigate injury risk during athletic movements [1]. Over recent decades, artifi-
cial turf has been increasingly adopted as an alternative to natural grass, particularly in
field-based sports, due to its durability and consistent playing conditions [1]. However,
despite its widespread implementation, there is limited evidence on the effectiveness of
artificial surfaces in replicating natural surface characteristics regarding injury prevalence
and severity [2,3].

Since the initial adoption of artificial playing surfaces in field sports competitions
(e.g., soccer), other sports have subsequently adopted similar innovations. Indoor sports
such as basketball utilise maple hardwood as the primary playing surface due to its stability
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for dribbling, reduced likelihood to expand and contract with changes in temperature,
and shock absorption properties [4]. Biomechanical analyses have demonstrated that
key performance metrics, including peak vertical ground reaction force, power output,
and jump height, remain comparable across surface types during athletic tasks such as
countermovement and depth jumps [5]. In contrast, one study that assessed consecutive
ankle jumps (no active use of the knees) and standard countermovement jumps on varied
thicknesses of athletic track reported a significant main effect of flooring surface, whereby
the vertical instantaneous loading rate (N-s~'-Kg~!) during landing was reduced in three of
four conditions (flooring thickness; SF1: 0.014 m; SF2: 0.007 m; SF3: 0.011 m; SF4: 0.018 m)
compared with the reference condition (SF0) [6]). Contact time between jumps was also
reported to be significantly longer from SF2 to SF1 [6]. It is evident that sports surfaces are
a rapidly evolving and well-researched area for athletic performance; however, a deeper
understanding of the biomechanical implications of sports surface engagement is crucial.

Modern sport surfaces continually evolve with the aim to improve the floorings’ force
absorption ability, shoe-surface friction characteristics, vertical deformation, and energy
transfer to an individual’s body [7,8]. For example, landing tasks are a primary movement
in basketball (single- or double-legged landing) as a result of dribbling or attempting to
score from open play. High surface friction, coupled with rapid decelerating movements,
have been suggested to increase lower limb injury rate by two-fold [9]. One new and
emerging technology is modular flooring tiles, which are an interlocking thermoplastic
material joining system that links sport floor tiles together with the goal of reducing
vertical and horizontal braking forces exerted on a tile by an athlete [10], a key component
of anterior cruciate ligament (ACL) ruptures, an injury that has a high incidence rate
across high school, collegiate, and professional athletes (59%) [11]. Anecdotally, modular
sports flooring tiles have been an increasingly utilised surface for sporting activities and
can be used as an alternate playing surface. It is suggested that using modular flooring
surfaces may result in lowered peak ground reaction forces (GRFs), and loading rates of
modular tiles are aligned to reduce the risk of lower-body injuries [12]. Using this flooring
technology may enable a gradual load exposure during injury rehabilitation, suggesting
reduced ground contact landing forces compared with traditional surfaces [12]. However,
the effect of modular flooring surfaces on peak ground reaction forces compared with
traditional and commonly used flooring surfaces during landing tasks is unclear.

Therefore, the aim of this study was to quantify the effects of different flooring surfaces
(modular sport tiles, athletic track, and bare force plates) on peak ground reaction forces
during bilateral drop landings. It was hypothesised that the athletic track surface would
exhibit lower peak vertical ground reaction forces compared with the modular sporting tile
surface and bare (metal force plate) flooring.

2. Materials and Methods
2.1. Participants

Eighteen healthy male and female adults (mean £ SD; 10 males, 8 females;
age: 24.6 £ 2.0 years, height: 1.74 £ 0.1 m, mass: 72.5 £ 7.5 kg) participated in the study.
All participants were injury-free for at least six months at the time of testing and had
previous experience in performing general athletic tasks (jumping and landing). Written
informed consent was captured before participation in the study, which was approved by
the La Trobe University Institutional Human Research Ethics Committee (#HEC21082).
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2.2. Testing Procedure and Protocol

All testing was completed in a Sports Biomechanics Laboratory (La Trobe University,
Melbourne, Australia). Participants were provided a demonstration of the experimental
design and were afforded time to complete their individual warm-up.

Participants were required to perform bilateral drop landings (DL) from a 50 cm height
on three surfaces. The surfaces included two bare force plates as a reference condition (SF1),
indoor Mondo athletic track (Sportflex Super X 720™ K39, Mondo, Alba, Italy; SF2) affixed
to the two force plates, and two interlocked modular sports flooring tiles per plate (MSF
Elite PRO, MSF Sports, Melbourne, Australia; SF3) mounted to the two force plates. All
drop landings were performed on top of the force plates. The participants were required
to perform three DLs for each flooring condition. Between each trial, participants were
afforded 30 s of rest and 3 min of rest between conditions. Participants were instructed to
stand still until prompted to “step out” with their right leg from the starting position, then
instructed to land as if they were dropping down from a height. All DLs were performed
with their hands on their hips, and participants were prompted to land naturally and hold
the landing for two seconds. Drop landings were performed with each foot striking an
individual force plate (mounted 13.5 mm below the laboratory floor), where GRFs were
captured with two ground-embedded force platforms (BMS6001200; Advanced Mechanical
Technology, Inc., Watertown, MA, USA; 1000 Hz). To achieve consistent drop heights,
an offset height of 13.5 mm was applied to the SF2 and SF3 conditions as the athletic
flooring track (custom-fitted according to the force plate dimensions) and modular flooring
tiles (two interlocked per force plate) were positioned on top of the in-ground force plate,
which fitted flush within the grooves of the custom force plate dimensions cutout and
laboratory floor level (Figure 1). If complete foot contacts on individual landing surfaces
were not achieved during the DL trial, the participants were required to repeat the landing
until a total of three successful DLs across each surface condition were collected. Surface
type (SF1, SF2, and SF3) was counterbalanced during data collection. Kinetic data were
captured using Vicon Nexus software (Vicon Motion Systems Ltd., Oxford, UK, V 2.16.1).
Between each surface condition, the force plates were zeroed. Raw force data were not
filtered to avoid producing errors in peak GRFs similar to previous research [13]. Ground
reaction forces, normalised to body mass (N-Kg~!), were analysed using the conventional
coordinate system, where force in the anterior direction was defined as positive along the
x-axis (Fx), lateral to the right as positive along the y-axis (Fy), and vertical force upward
as positive along the z-axis (Fz).

Figure 1. A sagittal view of the participant’s starting position before initiating the drop landing, the
representation of each flooring surface, and the conventional coordinate system of ground reaction
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forces planes (anterior [Fx], lateral [Fy], and vertical [Fz]). SF1 refers to the bare force plate reference
condition; SF2 refers to the athletic track condition; and SF3 refers to the interlocked modular flooring

tile condition.

2.3. Statistical Analysis

Statistical analyses were performed using jamovi (v2.6.26, jamovi project). Condition-
specific individual means for the peak GRFs were calculated using three DL contacts from
each condition. Data were screened for normality and sphericity prior to any analysis
being conducted. Statistical comparisons were made for surface type (SF1, SF2, and SF3)
and limb (Left and Right) using a linear mixed-effects model, with surface type and limbs
as fixed effects and participant as a random intercept. Where significant main effects
and interactions were present, post-hoc pairwise comparisons were undertaken using a
Holm correction. The post-hoc pairwise comparisons were completed between flooring
conditions within the same limb (e.g., for vertical GRF; Right limb SF1 vs. Right limb SF2
vs. Right limb SF3) and limb conditions within the same surface (e.g., for vertical GRF;
Right limb SF1 vs. Left limb SF1). Effect sizes were reported as partial eta squared (n%p)
for significant interactions and main effects and Cohen’s dz for post hoc analyses, which
were defined as small (dz = 0.20-0.49), medium (dz = 0.50-0.79), and large (dz > 0.80). All
data were reported as means and standard deviations with an alpha level set at 0.05 for all
statistical analyses.

3. Results

There were no significant interactions between flooring type and limb for any of the
peak GRF variables (Table 1).

Table 1. Peak ground reaction forces across both the left and right lower limb, normalised to body
mass, across various flooring types during drop landings from a 50 cm height.

Bare Force Plate Athletic Track Modular Tiles

Ground Reaction Forces (N-Kg~1) Left Right Left Right Left Right

ab Anterior 69+1.1 77+£1.0 6.7 £ 0.6 72+£06 53£05 57£05
Posterior -28+11 -31+£10 -28+09 -36=£07 -24+06 —-29=£09
b Lateral —2.74+0.3 35£06 —28+03 40=£05 —26+04 35£05
b Vertical — 24.4+29 289 £3.5 244 +£25 30.6 £3.1 238 +£27 274 +£21

‘2’ represents a significant main effect of flooring type. ‘®” represents a significant main effect of limb type.

3.1. Main Effect of Flooring Type

A significant main effect of flooring type was observed in only the peak anterior
(p <0.001, nzp =0.221) GRF. Peak anterior GRF magnitude was smaller in the modular tile
condition (mean + SD; 5.5 + 0.5 N-Kg~!) compared with the Mondo (7.0 & 0.6 N-Kg~!;
p <0.001, dz = 0.81) and bare metal force plate conditions (7.3 + 1.1 N-Kg~!; p < 0.001,
dz =1.10). The posterior (p = 0.313, nzp = 0.024), lateral (p = 0.174, nzp = 0.036), and
vertical (p = 0.588, n?, = 0.011) GRF directions were not significantly different between
flooring types.

3.2. Main Effect of Limb

A significant main effect of limb type was observed in the anterior GRF (p = 0.048,
nzp =0.040). There was a smaller peak anterior GRF in the left limb (6.3 &+ 0.7 N-Kg’1 ;
p = 0.048, dz = 0.41) compared with the right limb across all surfaces (6.9 + 0.7 N-Kg~!;
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Table 1). The posterior GRF was not significantly different between limbs (p = 0.066,
nzp =0.035). There were significant main effects for limb for lateral (p < 0.001, nzp =0.280)
and vertical (p = 0.001, nzp = 0.100) GRFs. There were smaller peak GRFs in the left limb
(Lateral to the left: 2.7 & 0.3 N-Kg~!, p < 0.001, dz = 1.25; Vertical: 24.2 & 2.7 N-Kg !,
p < 0.001, dz = 0.67) compared with the right limb (Lateral to the right: 3.7 + 0.5 N-Kg~!;
Vertical: 29.0 + 2.9 N-Kg~!) across all surfaces.

4. Discussion

This study explored the effect of flooring surface on ground reaction forces during
bilateral drop landings. Peak anterior GRFs were significantly smaller in the modular tiles
compared with the athletic track and bare metal force plate surfaces. Anterior, lateral, and
vertical GRFs were all significantly greater in the right limb across all flooring surfaces. The
hypothesis was not supported, as peak vertical ground reaction forces were similar across
surface types. However, significant differences were observed in the anterior direction,
where peak GRFs were smaller in the modular tile condition compared with the athletic
sports track and bare metal force plate conditions. Collectively, the results suggest that
the flooring surface can affect peak GRFs in the anterior-posterior direction but not in the
downwards vertical and lateral directions, with the modular tile surface exhibiting reduced
anterior forces during bilateral drop landing tasks.

4.1. Vertical GRF Landing Symmetry

Landing is a standard action performed in sports on various surfaces. Depending
on the sport’s task requirements, individuals will complete a landing task preceded by a
standing or running jump with one to two limbs, commonly reaching heights up to 65 cm
in an athletic population [14]. The current study reported that there were no differences
between flooring types in vertical GRFs across a drop height of 50 cm; however, significantly
greater peak vertical GRFs were observed in the right limb compared with the left limb
(Table 1). A similar pattern was also observed for the anterior and lateral GRFs, whereby
the right limb was reported to have greater peak GRFs. The observed difference may be in
relation to the instructions that the participants received, that being to “step out with your
right limb” from the platform.

Task instruction or cuing is an important consideration when performing jumping-
landing activities, as previous research has reported significant differences in vertical GRFs
when receiving different verbal instructions during drop jumps [15]. Specifically, when
participants received the instruction “jump as high as possible” (1A), there were lower
vertical GRFs for the first peak and the Relative Strength Index was lower compared with
the extended phrase instruction (2B; “jump as high as quickly as possible and during
the landing attempt to dampen the impact at ground contact”) [15]. Conversely, vertical
GREFs for the second peak and flight time were greater in instruction 1A compared with
2B [15]. It is evident that verbal instruction can cause alterations in landing kinetics and
performance variables; therefore, it is possible that with the instruction to step with the right
leg, participants may have contacted the right limb force plate earlier compared with the
left limb, resulting in a reduced amount of time to create a symmetrical landing distribution
in the lower extremities. From a biomechanical standpoint, it is possible that the centre
of mass was shifted to the right of the midline from the stepping instruction, resulting in
a greater proportion to absorb and decelerate the landing by the right limb initially. It is
essential to note that the mean differences between flooring conditions that ranged from
0.7 N-Kg~! in the left limb and 3.2 N-Kg~! in the right limb are minor differences that
may suggest the flooring surfaces included in this study have no significant effect on drop
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landing tasks for vertical ground reaction forces; rather, differences may be influenced by
the instruction when performing the task.

Other jumping and landing tasks, such as countermovement jumps (CM]Js), have
demonstrated similar results across different surface types, where peak vertical GRFs
were comparable across natural peat soil composition turf, natural loam composition turf,
artificial turf, and a bare force plate [5]. On the contrary, during CMJs with varying flooring
surface materials (natural grass, indoor rubber, artificial grass, and sand), jump height
has been reported to be greater on natural grass and indoor rubber when compared with
artificial grass and sand [16]. It might be suggested that different flooring surface materials
may have different restitution properties, which could result in altered peak vertical GRFs
during jumping-landing tasks. Previous research has shown that the differing densities of
playing surfaces can have an altering effect on an individual’s muscular force-generating
capacity [17]. Although the restitution profile of the flooring surfaces was not measured in
the current study, the material and design of the surfaces may be an important consideration
for the currently observed results.

4.2. Anterior, Posterior, and Lateral GRFs

Landing with effective movement strategies is crucial for reducing tissue stress and
joint loading experience in the lower body. The peak anterior GRF was significantly lower
for the modular tile flooring compared with both the bare force plate and athletic sports
track in both limbs (Table 1). It is possible that these results are due to the foot landing
strategies adopted by the participants. Previous research has demonstrated that a forefoot
landing technique during landing tasks results in a significantly greater internal knee
adductor moment compared with a rearfoot strategy [18]. The forefoot landing technique
has also been shown to decrease flexion at the hip and knee and increase plantarflexion at
the ankle compared with a rearfoot technique during drop landing tasks [19]. Alternatively,
the landing strategy adopted by the participants may have caused a changed loading rate
(force—time curve), resulting in an increased landing duration period and dispersed force.
The participants may have performed a rearfoot landing technique during the modular
tile flooring condition compared with the bare force plate and athletic track conditions,
possibly resulting in a more posterior leaning centre of mass position or increased landing
period and therefore reduced anterior GRF during the drop landing task. The foot landing
technique was not controlled, nor was the loading rate calculated for this study, and
therefore, this cannot be confirmed without further assessment.

The outcomes of the study can be related to the design of the flooring surface, which
in turn can affect surface friction, energy storage, and energy loss [5]. As discussed, the
coefficient of restitution of the included flooring surfaces was not assessed in this study;
however, the surface design of each flooring is different and likely has varied static and
dynamic friction coefficients. The friction force, or the sliding force between surfaces, has a
strong dependency on the roughness of the surface and the contact pressure with which it
is applied [20]. The design of the modular tile is a unique 300 x 300 mm square that has
anchors on each edge for multiple tiles to interlock and a geometric square surface pattern,
which in previous research has been shown to change static and dynamic coefficients of
friction, suggested through the interlocking joints that disperse the friction forces [21].

In multidirectional sports, common lower-limb injuries include anterior cruciate
ligament (ACL) ruptures and lateral ankle sprains [22-24], which may have an increased
risk of manifestation if the shoe—surface friction is high [25]. Through the surface design
and the possibility of a modified landing strategy;, it is possible that the modular tile surface
design and the landing strategy collectively contributed to reducing the anterior peak GRF
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in the modular tile condition. Given that biomechanical responses to landing tasks may
vary across sex and age groups [26], it is possible that the peak GRF responses may vary
between biological sexes, which is important in the context of foot and ankle injuries, given
that female athletes have an increased frequency and severity compared with their male
counterparts [27,28].

An important implication of these findings is the potential use of modular flooring tiles
as an alternative surface for athletic performance and rehabilitation, particularly following
surface friction-related injuries such as ACL ruptures. The observed reduction in anterior
GRFs on the modular tile surface might suggest a corresponding decrease in shear joint
loading at the knee. This may help mitigate injury risk during landing tasks; however,
this cannot be confirmed from the current study. Elevated knee abduction and internal
rotation moments, both known to increase ACL strain via the posterior tibial slope, can be
moderated through the use of more compliant surfaces [29]. From a practical standpoint,
surface selection should be considered an important modifiable factor in both performance
and return-to-play environments. Although the majority of GRFs were unaffected by
flooring surface in the current study, the reduction in peak anterior GRF observed with
modular tiles suggests their potential as an alternative surface during landing tasks where
anterior-posterior loading is important.

4.3. Limitations and Future Directions

Although GRFs were the focus of this research, other biomechanical variables, such
as joint kinematics and kinetics, were not measured. These parameters could explain the
complex coordination that occurs between joint rotations to different sporting surfaces and
may help identify compensatory strategies that influence injury risk [30]. The participants
were not blinded to the surfaces on which they were landing during data collection. It is
possible that the participants adjusted their landing technique across surfaces, attuning to
visual stimuli within the surroundings and surfaces of the landing [31].

The protocol involved a controlled drop landing task from a standardised height
within a lab environment. While controlled tasks allow for reliable data collection, they
do not account for the variability and complexity of sport-specific movements [32,33].
As such, there is merit in exploring future research on surface-specific responses during
unanticipated or sport-relevant movement tasks, including cutting, jumping, and pivoting.
Lastly, the surfaces utilised in this study were limited to commercially available flooring
types with no characterisation beyond nominal labels. Including quantitative assessments
of surface mechanical properties, such as energy restitution, coefficient of friction, or
force attenuation profiles, would improve external validity and allow for standardised
comparisons across future studies [34,35].

5. Conclusions

This study demonstrated that modular flooring tiles consistently resulted in lower
anterior GRFs across both limbs at 50 cm heights compared with athletic sports track
and bare metal force plate surfaces. These findings may suggest that the design charac-
teristics of modular tiles may reduce anterior shear forces acting on lower body joints,
offering potential benefits for injury risk mitigation. Future research should explore how
flooring influences joint kinematics and kinetics strategies during more dynamic and
sport-specific tasks.
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Abstract: Penalty shootouts often decide major football tournaments, making the analysis
of spatial symmetry and shot patterns crucial for performance optimization. This study
analyzed 212 decisive penalty kicks in elite men’s football to explore spatial patterns and
asymmetries in execution, as well as their relationship with performance effectiveness. An
observational methodology was used, combining temporal pattern detection (T-patterns)
and chi-square tests to examine associations between contextual, spatial, and outcome-
related variables. Results showed that the most frequently targeted area was left-down
(28.3%), with a success rate of 71.7%. Additionally, central zones exhibited particularly
high accuracy (ranging from 88.9% to 100%) despite their low usage frequency. Differences
were also observed in the distribution of shots between left- and right-footed players, both
in frequency and effectiveness, although these were not significant. The findings suggest
the presence of strategic tendencies and functional spatial asymmetries, which may have
implications for specialized training in high-pressure scenarios. These insights can guide
targeted training strategies for both kickers and goalkeepers and encourage further research
on decision-making and spatial behavior under extreme pressure.

Keywords: spatial symmetry; systematic observation; performance analysis; T-patterns;
decision-making under pressure; key performance indicators

1. Introduction

The execution of penalty kicks in elite football represents a critical event, often de-
termining the outcome of high-stakes matches or entire competitions [1]. It is a specific
action in the game in which only two players are directly involved: the kicker and the
goalkeeper [2]. This binary interaction, framed within a spatially symmetric environment
(the goal structure), invites detailed analysis of how players exploit or break that symmetry
to gain an advantage [3]. In this study, the term decisive penalty refers exclusively to a
penalty kick taken during a shootout whose outcome directly determines the result of the
match—either by securing immediate victory for the kicker’s team or by causing their elim-
ination if missed. Penalties taken earlier in the shootout, which do not yet mathematically
decide the outcome, are not included within this definition.

The study of penalties in football has become an important part of performance
prediction and behavioral analysis in sports [1,4,5]. These situations are highly advan-
tageous for the kicker, who faces no opposition and therefore typically achieve success
rates of 69-85% [2,6-10]. Performance does not usually differ between home and away
contexts [10-12].
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Penalty kicks follow a series of trends that have been identified in various studies [2,8-14].
These trends are influenced by subtle spatial decisions, lateral preferences, and psycho-
logical pressure, particularly factors such as the high responsibility of decisive kicks, the
potential consequences of elimination, or the increased anxiety associated with taking the
final shots in a shootout [15,16]. Generally, penalties tend to be taken to the sides of the
goal, more specifically, to the right of the goalkeeper [2,8,14], accounting for 34.7-39.7% of
the total [8,13,14]. This tendency is more pronounced among right-footed players, who
tend to shoot to the right 59-62% of the time—a direction identified by several studies as
their ‘natural” side [2,13,17]. In contrast, left-footed players display greater variability, with
right-sided shooting occurring in 32-59% of cases, depending on the category analyzed [2].

The interaction between the goalkeeper and the penalty taker has been examined in
various studies, with particular attention to the goalkeeper’s movements prior to the execu-
tion of the penalty kick [5,7,8,18]. Some authors suggest that such anticipatory movements
may influence the decision-making process of the penalty taker [5], whereas another study
indicates that this strategy might not be effective at the elite level of football [19]. Further-
more, in attempts to predict the direction of the shot, certain biomechanical indicators—
such as the orientation of the supporting foot and the position of the arm contralateral to
the kicking leg—have been proposed as reliable cues in some investigations [5].

In elite international tournaments—both club-level and national—the role of penalty
shootouts becomes particularly critical in knockout stages. After extra time, if the score
remains tied, the match is resolved by a series of kicks that not only test physical execution,
but also decision-making under intense psychological stress [20]. Finalists in the World
Cup have a 56.5% chance of being involved in at least one penalty shootout; this percentage
is slightly lower for European teams, at 46.5% [21].

The order in which penalty shots are taken also seems to influence the outcome of
a shootout. Around 59.2-60.5% of victories go to the team that starts by taking the first
shot [22].

There are different theories about the order of the kickers in these shootouts. Some
indicate that players should take penalties in reverse order of ability, meaning the best
shooter should take the fifth kick. However, probability theory suggests that the last
penalties in a shootout are the least likely to succeed [16]. If the score remains tied after the
first five throws, the success rate drops to 64.3% [16]. This may be because the importance
of these kicks negatively affects the players’ performance, due to the stress of taking these
penalties. Psychological components constitute a significant determinant in the success or
failure of penalty kicks [15].

These moments of pressure can disrupt regular behavioral patterns [23], producing
identifiable symmetry-breaking tendencies—whether in shot placement, body orientation,
or outcome probabilities. Understanding these patterns provides valuable insight into
motor control, anticipation, and decision-making under constraints, all of which are key
components in the study of symmetry in sports contexts.

Identifying these patterns is crucial for informing tactical preparation and optimizing
performance under high-pressure conditions. Given the importance of these situations
in determining tournament outcomes, this study aims to analyze and detect spatial and
sequential patterns in decisive penalty kicks (as defined above) from shootouts in elite inter-
national football competitions between 2010 and 2023. Through observational methodology,
statistical analysis, and T-pattern detection, this research explores how symmetry—both
spatial and behavioral—is maintained or broken in these high-pressure scenarios, offering
practical applications for performance optimization in elite sport. In line with these aims,
we hypothesized that decisive penalty kicks would show structured asymmetries in both
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spatial distribution and sequential patterns, reflecting adaptive responses to psychological
pressure. Unlike general penalty situations, decisive shootout kicks are expected to amplify
motor and tactical regularities, making them particularly suitable for systematic analysis.
Previous research has mostly examined penalties in broader contexts (e.g., regular match
penalties or aggregated shootout data), leaving a gap in the understanding of the specific
dynamics of decisive penalties. By combining observational methodology with T-pattern
detection, this study addresses this gap and contributes to the literature by uncovering how
symmetry is strategically maintained or broken under the highest levels of competitive
stress. Addressing this gap is important not only for advancing theoretical knowledge
on motor behavior under pressure, but also for providing applied insights to optimize
performance preparation in elite football.

2. Materials and Methods
2.1. Design

An observational methodology [24] was employed to analyze the execution of decisive
penalties in penalty shootouts that occurred between 2010 and 2023. This methodological
approach involves the systematic, non-participant observation of naturally occurring
behaviors in their real competitive context, recorded and coded according to a predefined
category system. The observational design [24] was nomothetic (each penalty was analyzed
independently), follow-up (spanning the period from 2010 to 2023), and unidimensional
(one level of response).

2.2. Sample

The sample consisted of all decisive penalties from penalty shootouts in both club
(UEFA Champions League, UEFA Europa League and UEFA Conference League) and
national team matches (FIFA World Cup, UEFA Euro, UEFA Nations League and CON-
MEBOL Copa América), which took place in continental and world competitions between
2010 and 2023 (66 penalty shootouts). A total of 212 decisive penalties were analyzed.
Inclusion criteria were: (a) penalty kicks taken in shootouts of elite-level continental or
world competitions, involving either national teams or European club teams; (b) penalties
meeting our definition of “decisive” as defined in the Introduction. Exclusion criteria
were: (a) penalties from shootouts not meeting the “decisive” definition; (b) penalties from
competitions outside the specified tournaments. All available decisive penalties meeting
this definition were included, with no cases excluded due to video quality, ambiguous
outcomes, duplicate footage, or annulled decisions.

The study was approved by the ethics committee of the Faculty of Education and
Sport Science (University of Vigo, application 03-090425).

2.3. Instruments

The instrument described in Table 1 was developed ad hoc for this study and is a
category system in which the criteria categories are mutually exclusive. This instrument is
composed of nine criteria, which are made up of a total of thirty-two categories. The criteria
and categories were established based on previous research with similar objectives [10,11]
and were subsequently refined through consultation with two experts in football and
observational methodology. The construct validity of the instrument was assessed by
verifying its consistency with the theoretical framework [24] and by obtaining expert
agreement on the adequacy of the categories and definitions, achieving a satisfaction
rate of 95%.
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Table 1. Observational instrument, descriptive statistics, and results of chi-square goodness-of-fit

and independence tests for each criterion.

Criteria Description n % Ef. x% G-O-F x> Indep.
Tupe of match Club match 97 45.8 73.2 x2 =1.528 X2 = 2.686
yp National team match 115 54.2 62.6 p=0.216 p=0.101
The team that kicks plays as the home team 35 16.5 77.1 > >
Stadium The team that kicks plays as the away team 36 17.0 61.1 X = 1(? (5)0010 o X N 02'313946
Not-applicable. Neutral venue 141 66.5 66.7 p<b p=>0
Round of 32 match 30 14.2 63.3
Round of 16 match 42 19.8 714 o >
Round Quarterfinal match 71 33.5 63.4 X = 3108?6 X B 01;3720
Semifinal match 24 11.3 70.8 p<o p=>9
Final match 45 21.2 71.1
If the kicker misses, their team
T ; lose the shootout 57 269 68.4 2 =12.632 x2 =9.499
ype o If the kicker scores, their team =0.002 =0.009
Penalty wins the shootout 60 28.3 81.7 g ’
If the kicker misses, the next team can win if
they scores the penalty kick % 448 579
The tean'l takes the first penalty 100 470 71.0 2 = 0,679 2 =1.085
Order in the shootout 0410 0298
The team does not take the first penalty p=>0 p=>u
. 112 52.8 64.3
in the shootout
Laterality The kicking player is right-footed 163 76.9 65.6 x% = 61.302 x% =1.051
The kicking player is left-footed 49 23.1 73.5 p <0.001 p =0.305
The kicker takes fewer than three steps
Run-up to before striking the ball 206 7.2 67.0 x2=388.877  x?=4.505
the Kick The kicker takes three or more steps before 5 24 100 p <0.001 p =0.105
striking the ball ’
The kicker clearly pauses during the run-up 1 0.5 0
Left-Top 28 13.2 60.7
Left-Medium height 21 9.9 47.6
. . Left-Down 60 28.3 71.7
Direction-Goal Centre-Top 6 2.8 100
- - ~ 2_ 2 _
(depending Centre-Medium height 9 42 g9 X =105377 X" =17.128
on the view p <0.001 p=0.029
of the kicker) Centre-Down 9 42 88.9
Right-Top 17 8.0 52.9
Right-Medium height 20 9.4 85.0
Right-Down 42 19.8 59.5
Kicker-top 31 14.6 58.1
Kicker-medium 29 13.7 62.1
Direction- Kicker-down 61 28.8 72.1
Laterality (based Middle-top 6 2.8 100.0 5 5
on near or far post Middle-medium 9 42 88.9 X = 101 (6)'06170 X : éllgzz
with respect to foot Middle-down 9 4.2 88.9 p<o p="0
dominance) Far-top 14 6.6 57.1
Far-medium 12 5.7 75.0
Far-down 41 19.3 58.5
The penalty ends in goal 143 67.5 - 2 _ 112255
Effectiveness The penalty is saved by the goalkeeper 41 19.3 X 0 0'0 1 -
The penalty is missed (off target) 28 13.2 p<b

Note: Ef.: Effectiveness; G-O-F: Goodness-of-fit; Indep.: Independence.

Data recording was carried out using LINCE PLUS software version 2.1 (Alberto Soto

Fernandez, INEFC, Lleida, Spain) [25]. This interactive and highly flexible multimedia
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tool is specifically designed to facilitate systematic observation by enabling the analysis
and recording of sports actions. The software allows for the configuration of buttons on
the computer interface corresponding to the codes previously assigned to each category
within the observation instrument. By generating an observational record of specific actions
during sporting events, it contributes to a deeper understanding of behavioral patterns in
sports performance. LINCE PLUS has been widely used in numerous studies employing
systematic observational methodology in sports settings (e.g., [4,26-28]), which supports
its suitability for the present research.

The full set of criteria and operational definitions used in the observational tool will
be detailed in the Table 1 and Figure 1.

Direction — Goal

| Left—Top | | Centre—Top | | Right—Top |
[Cefi—Viedium| || [Centre—Medium ] || [Righ—Viedum]
| Left—Down | | Centre—Down | | Right—Down |
Direction — Laterality: Right footed player Direction — Laterality: Left footed player
| Kicker—Top | | Middle—Top | | Far—Top | | Far—Top | | Middle—Top | | Kicker—Top |
IK;., TV D | Iu-,m Mod:, | IF o "“ml | T Mot I Iu-u. Med: | IK_ or— Meod: |
| Kicker—Down | | Middle—Down | | Far—Down | | Far—Down | | Middle—Down | | Kicker—Down |

Figure 1. Goal areas according to direction-goal and direction-laterality.

2.4. Procedure

The penalty kicks analyzed in this study were obtained from publicly available sources,
including YouTube and the official platforms of UEFA (https://www.youtube.com/@UEFA,
accessed on 15 September 2024) and FIFA (https:/ /www.youtube.com/@fifa, accessed on
15 September 2024). Subsequently, the video footage was edited to produce two separate
files—one for club teams and another for national teams—in which the penalties were
organized chronologically by match day. The editing process was carried out using iMovie
software (version 10.4.3; Apple Inc., Cupertino, CA, USA). This approach facilitated the
creation of user-friendly video files optimized for use with the observational recording tool.

After conducting training in the use of the instruments, and in order to ensure method-
ological rigor in the coding process [24], a quality control procedure was implemented
to verify the reliability of the recorded data. This was carried out through the calcula-
tion of both intra- and inter-observer agreement using Cohen’s Kappa coefficient (COH),
performed using LINCE Plus. To assess intra-observer reliability, a concordance test was
conducted on 25% of the total sample of penalty kicks. The analysis yielded a Kappa
coefficient of 0.99 for both the first and second observations, indicating an almost perfect
level of agreement. Inter-observer reliability was then evaluated using the same subset of
data, also resulting in a Kappa coefficient of 0.99. These results confirm the robustness and
consistency of the observational process. Once the quality of observation was verified, the
full dataset was systematically coded by a single trained observer.

Following the completion of the penalty recordings, the data were exported to an Excel
file. This file provided a detailed account of the sequential order of the recorded behavior
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codes, along with their temporal occurrence and corresponding duration, expressed in
frames. The versatility of the exported dataset allowed for subsequent transformations,
enabling its adaptation for various types of analytical procedures [29].

2.5. Data Analysis

Descriptive and inferential statistical analyses were conducted using IBM SPSS Statis-
tics, version 25.0 (IBM-SPSS Inc., Chicago, IL, USA). A chi-square goodness-of-fit test was
applied to determine whether the distribution of observations within each category differed
significantly from a uniform distribution, thereby highlighting patterns of preference or
dominance in each variable. Furthermore, chi-square tests of independence were carried
out to assess whether the effectiveness of the penalty kick (i.e., goal, save, or miss) was
significantly associated with the categories of the other criteria. These statistical procedures
provide a comprehensive overview of both intra- and inter-criterion relationships, offering
an initial understanding of the structural dynamics underlying decisive penalty kicks.
Statistical significance was assumed for p < 0.05.

To examine penalty patterns, temporal pattern detection was conducted using
THEME v.6.0 (PatternVision Ltd., Reykjavik, Iceland) [30]. THEME has been extensively
applied and validated in systematic observational research, particularly in sports perfor-
mance contexts (e.g., [5,31]). This software is designed to detect hidden temporal structures
(T-patterns) within behavioral data, allowing researchers to identify recurrent sequential
patterns that are not accessible through conventional statistical analyses. Its application
in the present study makes it possible to reveal underlying spatiotemporal strategies
in decisive penalty kicks, thereby contributing novel insights into performance under
high-pressure conditions.

3. Results
3.1. Descriptive and Inferential Statistical Outcomes

To begin the presentation of results, Table 1 shows the observational instrument used
in this study, along with the descriptive statistics for each criterion.

The analysis revealed significant differences in the distribution of frequencies across
most observational criteria. Only “type of match” (p = 0.216) and “order of the kick”
(p = 0.410) showed no significant deviations from a uniform distribution, suggesting that
choices in these two cases were more evenly balanced.

In contrast, “penalty effectiveness” was significantly associated with both “type of
penalty kick” (p = 0.009) and “goal direction” (p = 0.029), indicating that the situational
context of the kick (e.g., immediate victory or elimination) and the target area selected by
the kicker have a decisive influence on the outcome.

Regarding success rates, penalties taken while playing at home showed the highest conver-
sion rate (77.1%), followed by those taken on neutral grounds (66.7%), while penalties executed
as the away team had the lowest success rate (61.1%). Kicks that provided the opportunity to
win the match if scored achieved the highest effectiveness (81.7%), whereas those where a miss
would result in immediate elimination recorded the lowest conversion rate (57.9%).

From a spatial perspective, over half of the penalty kicks (52.3%) were aimed at the lower
zones of the goal, both central and lateral, aligning with the general tendency to target low areas
to reduce the risk of missing. Overall, 67.5% of the penalties were successfully converted, 19.3%
were saved by the goalkeeper, and 13.2% were missed entirely (off-target or hitting the post).

Concerning the relationship between shot direction and player laterality, the data
showed a higher frequency of kicks directed toward the dominant-foot side of the player,
known as the near post. The zones classified as “kicker side” accounted for 14.6%,
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13.7%, and 28.8% of the shots, whereas the “far post” zones registered lower frequen-
cies (6.6%, 5.7%, and 19.3%). Additionally, left-footed players achieved a success rate
of 73.5%, compared to 65.6% for right-footed players. However, this difference was not
significant (p = 0.584).

Figure 2 displays the effectiveness of penalty kicks based on the area of the goal
targeted, without distinguishing between left- or right-footed players. The left panel
includes all penalty kicks taken (n = 212), while the right panel focuses only on those
directed between the goalposts (1 = 184), meaning shots that were either saved or scored.

Effectiveness by areas — All penalties (n=212) Effectiveness by areas — Shots on target (n=184)

LEFT —TOP CENTER —TOP RIGHT —TOP LEFT —TOP CENTER —TOP RIGHT —TOP

28/212 (13.2%) 6/212 (2.8%) 17/212 (8.0%) 17/184 (9.2%) 6/184 (3.3%) 9/184 (4.9%)

60.7%

LEFT —

39.3% 100% 0% 52.9% 47.1% 100% 0% 100% 0%

MEDIUM CENTER — MEDIUM RIGHT —MEDIUM LEFT — MEDIUM CENTER — MEDIUM RIGHT —MEDIUM

21/212 (9.9%) 9/212 (4.2%) 20/212 (9.4%) 20/184 (10.9%) 9/184 (4.9%) 19/184 (10.3%)

47.6%

52.4% 88.9% 11.1% 50% 50% 88.9% 11.1% 89.5%

11.5%

LEFT —DOWN CENTER —DOWN RIGHT —DOWN LEFT —DOWN CENTER —DOWN RIGHT —DOWN

60/212 (28.3%)

71.7%

28.3% 88.9% 11.1% 59.5% 40.5% 78.2% 21.8% 88.9% 11.1% 62.5%

Figure 2. Effectiveness by areas direction-goal (all penalties) and effectiveness by areas direction-goal
(shots on target).

In terms of usage frequency (n = 212), the most commonly targeted areas were left-down
(28.3%), right-down (19.8%), and left-top (13.2%), which together accounted for over 60%
of all penalty kicks. However, when analyzing only shots directed on target (n = 184), their
effectiveness varied: left-down achieved a success rate of 78.2%, right-down 62.5%, and left-top
100%. In contrast, other frequently used zones such as left-medium (9.9% of total penalties)
recorded a lower success rate, with only 50% of on-target attempts resulting in goals.

Other less frequently used zones also exhibited high performance. Right-top, for
instance, accounted for just 8.0% of total kicks but achieved 100% success on shots on target
(n =9). The same was true for the center-top area (2.8% of total kicks), which was the only
zone to reach perfect effectiveness both in overall attempts and in shots directed on target.
The center-middle and center-down areas also showed high success rates, each converting
88.9% of on-target shots.

Overall, the central areas of the goal, especially center-top, demonstrated the highest
levels of accuracy. Despite their low usage, their performance indicates that they may be
technically effective target options in decisive penalty scenarios.

Figure 3 shows the effectiveness of penalty kicks based on the targeted area of the
goal, categorized according to the direction of the shot relative to the kicker’s dominant
foot: kicker side (short post), middle, and far side (long post). The left panel includes all
penalties taken (n = 212), while the right panel considers only those directed on target
(n = 184), meaning shots that resulted in a goal or were saved by the goalkeeper.

This reclassification by laterality allows for a more precise analysis of tendencies
between short and long post targeting. The most frequently used zone was kicker-down
(28.8%), followed by far-down (19.3%) and kicker-top (14.6%). Kicker-down achieved a
success rate of 72.1% for all kicks and 78.6% for on-target attempts. In contrast, far-down
showed lower success: 58.5% overall and 61.5% on target.

In the upper zones, kicker-top recorded an overall success rate of 58.1%, while far-top
showed 57.1%, with both areas presenting a relatively high proportion of missed or saved
attempts. Regarding the middle-height areas, kicker-medium achieved 62.1% effectiveness on
target shots, compared to 75.0% for far-medium, although the latter was used less frequently.
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Effectiveness by areas (All penalties) — Direction — Laterality: Right (n=163)

Effectiveness by areas (All penalties) — Direction — Laterality: Left (n=49)

Effectiveness by areas — All penalties (n=212) Effectiveness by areas — Shots on target (n=184)

KICKER — TOP MIDDLE —TOP FAR —TOP KICKER — TOP MIDDLE —TOP

31/212 (14.6%) 6/212 (2.8%) 14/212 (6.6%) | 18/184 (9.8%) 6/184 (3.3%) 8/184 (4.3%)

58.1% 41.9% 100% 0% 57.1% 42.9%

KICKER — MEDIUM MIDDLE — MEDIUM FAR — MEDIUM KICKER — MEDIUM MIDDLE — MEDIUM FAR — MEDI
29/212 (13.7%) 9/212 (4.2%) 12/212 (5.7%) 29/184 (15.8%) 9/184 (4.9%) 10/184 (5.4%)

62.1% 37.9% 88.9% 11.1% 62.1% 37.9% 88.9% 11.1%

UM

KICKER — DOWN MIDDLE —DOWN FAR —DOWN KICKE — DOWN MIDDLE —DOWN FAR — DOWN

61/212 (28.8%) 9/212 (4.2%) 41/212 (19.3%) 56/184 (30.4%) | 9/184 (4.9%) 39/184 (21.2%)

Figure 3. Effectiveness by areas direction-laterality (all penalties) and effectiveness by areas direction-
laterality (shots on target). Note: “Kicker side” refers to the near post relative to the kicker’s dominant
foot, and “far side” refers to the opposite post. These spatial references apply equally to both right-
footed and left-footed players.

Overall, kicker-side zones were more frequently selected and generally yielded higher
success rates compared to far-side zones, which may reflect a biomechanical or perceptual
preference under high-pressure conditions.

Figure 4 shows the effectiveness of penalty kicks based on shot direction and the
kicker’s laterality, distinguishing between right-footed and left-footed players. As in
Figure 3, the left panels include all penalties (1 = 212), while the right panels consider only
on-target shots (1 = 184).

KICKER — TOP MIDDLE — TOP KICKER — TOP MIDDLE —TOP
26/163 (16%)

72.1% 27.9% 88.9% 11.1% 58.5% 41.5% 78.6% 21.4% 88.9% 11.1% 61.5% 38.5%

Effectiveness by areas (Shots on target) - Direction — Laterality: Right (n=140)

FAR
6/163 (3.7%) 12/163 (7.4%) 16/140 (11.4%) 6/140 (4.3%) 7/140 (5%)

61.5% 38.5% 100% 0% 58.3% 41.7% 100% 100% 0%

KICKER — MEDIUM MIDDLE — MEDIUM FAR — MEDIUM KICKER — MEDIUM MIDDLE — MEDIUM FAR — MEDIUM

19/163 (11.7%) 5/163 (3.1%) 10/163 (6.1%) 19/140 (13.6%) 5/140 (3.6%) 9/140 (6.4%)

52.6% 47.4% 100% 0% 90% 10% 52.6% 47.4% 100% 0% 100%

KICKER —DOWN MIDDLE —DOWN KICKER —DOWN MIDDLE —DOWN

6/163 (3.7%) 30/163 (18.4%) 44/140 (31.4%) 6/140 (4.3%) 28/140 (20%)

49/163 (30.1%)

69.4% 30.6% 83.3% 16.7% 50% 77.3% 22.7% 83.3% 16.7% 53.6%

0%

46.4%

Effectiveness by areas (Shots on target) — Direction — Laterality: Left (n=44)

FAR —TOP MIDDLE —TOP KICKER —TOP FAR —TOP MIDDLE —TOP KICKER —TOP

2/49 (4.1%) 0/49 (0%) 5/49 (10.2%) 1/44 (2.3%) 0/44 (0%) 2/44 (4.5%)

- 100% 100%

FAR —MEDIUM MIDDLE — MEDIUM KICKER —MEDIUM FAR —MEDIUM MIDDLE — MEDIUM KICKER —MEDIUM

2/49 (4.1%) 4/49 (8.2%) 10/49 (20.4%) 1/44 (2.3%) 4/44 (9.1%) 10/44 (22.7%)

75% 20% 80% 20% 75% 25% 80%

20%

FAR—DOWN MIDDLE — DOWN KICKER —DOWN FAR—DOWN MIDDLE —DOWN KICKER —DOWN

11/49 (22.4%) 3/49 (6.1%) 12/49 (24.5%) 11/44 (25%) 3/44 (6.8%) 12/44 (27.3%)

81.8% 18.2% 100% 0% 83.3% 16.7% 81.8% 18.2% 100% 0% 83.3%

Figure 4. Effectiveness by areas direction-laterality (right and left) and effectiveness by areas
direction-laterality (right and left). Note: The top row corresponds to right-footed kickers, while the
bottom row shows the performance of left-footed kickers.

Among right-footed players, the most frequently used zones were kicker-down
(30.1%), far-down (18.4%), and kicker-top (16%). When considering only shots on tar-
get, success rates increased: kicker-down went from 69.4% to 77.3%, far-down from 50.0%
to 53.6%, and kicker-top from 61.5% to 100%. The middle-top and middle-medium zones
reached 100% accuracy in both conditions, while far-medium rose from 90.0% to 100%, and

middle-down remained stable at 83.3%.
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For left-footed players, the most commonly used zones were kicker-down (24.5%),
far-down (22.4%), and kicker-medium (20.4%). The most effective zone was middle-
down, with 100% accuracy in both total attempts and on-target shots. Far-top and kicker-
top also achieved 100% success on shots on target, although their overall success rates
were lower—50% and 40.0%, respectively—due to off-target attempts. Other effective
areas included kicker-down (83.3%), far-down (81.8%), and middle-medium (75.0%). Far-
medium did not record any successful penalties (0.0%).

When considering only shots on target, right-footed players stood out in middle-top,
middle-medium, far-top, far-medium, and kicker-top, all with 100% success. They also
achieved good results in middle-down (83.3%) and kicker-down (77.3%). Lower success
rates were observed in kicker-medium (52.6%) and far-down (53.6%).

Left-footed players, in turn, achieved 100% success in middle-down, far-top, and
kicker-top, and high percentages in kicker-down (83.3%), far-down (81.8%), and middle-
medium (75.0%). Far-medium was the only zone without any goals on target.

In terms of spatial distribution, right-footed players directed 57.8% of their penalties
toward their dominant side (kicker side), while left-footed players did so in 55.1% of the cases.

3.2. Analysis of Decisive Penalty Kick T-Patterns

To complement the descriptive and inferential analyses, a T-pattern detection proce-
dure was conducted in order to explore the temporal structure and contextual regularities
underlying decisive penalty kicks. This analysis was performed using the THEME software
and focused exclusively on patterns with a minimum of three occurrences.

A total of 2435 unique T-patterns were identified and classified based on the type of
decisive penalty kick:

e  Miss—Lose (penalties missed that directly resulted in a loss).
e  Score—Win (successful penalties that secured victory).
e  Miss—Continue (penalties missed that allowed the opponent to continue and poten-
tially win).
Each category was then subdivided according to the kicker’s laterality (left-footed or
right-footed) and the outcome of the kick (goal, save, or off-target).
Due to the volume and complexity of the data, the full results are provided as
Supplementary Material, including three detailed tables:

e Table S1 presents the most frequent T-patterns in Miss-Lose situations, revealing
key factors such as run-up characteristics, shot direction, and contextual variables
(e.g., venue, round).

e Table S2 includes the T-patterns associated with Score-Win penalties, highlighting
conditions that consistently precede successful outcomes.

e Table S3 covers the patterns observed in Miss-Continue situations, offering insight
into behaviors that may increase risk or reduce effectiveness.

This structured temporal analysis enriches the understanding of behavioral strategies
adopted by players under high-pressure conditions and complements the static perfor-
mance indicators presented earlier in the article.

4. Discussion
4.1. General Overview and Key Findings Under Pressure

Decisive penalty kicks in elite football represent unique high-pressure scenarios where
psychological, tactical, and motor control factors interact to determine success or failure.
Our findings reinforce previous research suggesting that performance under these condi-
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tions is shaped by both the situational context and the cumulative effects of stress during
the shootout [6,10,12]. The advantage observed for teams taking the first kick aligns with
earlier studies reporting similar trends [22], supporting the view that initiating the sequence
can confer a psychological edge by placing immediate pressure on the opponent.
Reduced effectiveness in the final kicks of the sequence is consistent with the idea that
rising pressure impairs technical execution [16,22]. This phenomenon may relate to the
“choking under pressure” effect described in sports psychology literature [32]. whereby
heightened anxiety and perceived responsibility disrupt motor performance. Moreover, the
decisive nature of these kicks likely increases cognitive load, affecting attentional focus and
decision-making in ways not observed in non-decisive penalties [8,9,31]. Together, these
findings highlight the need to examine both spatial and temporal patterns to understand
adaptive responses under pressure and to develop targeted preparation strategies.

4.2. Spatial Direction and Zone Preference

The tendency to target lateral areas, particularly the goalkeeper’s right, is consistent
with previous evidence on laterality effects in penalty taking [2,8,10,11,14]. This bias may
stem from biomechanical preferences—especially among right-footed players—linked
to natural kicking mechanics and the perception—action coupling described in motor
control theories [2,8,10]. However, our findings suggest that high-pressure contexts can
disrupt these regularities, producing symmetry-breaking behaviors such as targeting the
central vertical corridor. Although less frequent, central shots—particularly to the middle-
top and middle-medium zones—showed notably high success rates, which may reflect
opportunistic exploitation of goalkeepers” anticipatory lateral movements [11,14].

From a theoretical perspective, the intentional breaking of spatial symmetry can be
interpreted through established frameworks in motor control, decision-making under
stress, and ecological dynamics. Under pressure, athletes often revert to well-learned motor
patterns that offer proprioceptive control and minimize execution variability, consistent
with Schmidt’s Schema Theory [33] and optimal control models [34]. Ecological dynamics
emphasizes that such behaviors emerge from the interaction between task, environmental,
and individual constraints, with performers exploiting affordances that maximize perceived
control [35]. Attentional Control Theory further posits that anxiety shifts focus toward
goal-relevant cues, leading athletes to select motor solutions that feel most reliable [32].
Thus, symmetry-breaking in penalty kicks appears to be a functional adaptation to the
demands of the situation rather than random variation.

4.3. Laterality and Footedness

Differences between right- and left-footed players in shot distribution and accuracy,
although not statistically significant, follow patterns reported in earlier studies [2,8,10].
Right-footed players showed a stronger bias toward their dominant side, while left-footed
players displayed greater variability, supporting the view that minority laterality profiles
introduce unpredictability and challenge goalkeeper anticipation [2,8,10]. From a perfor-
mance standpoint, these findings underline the value of individualized penalty preparation
that accounts for the kicker’s laterality and the goalkeeper’s tendencies. Coaches could
leverage the variability of left-footed players in decisive contexts, as their unpredictability
may confer a tactical advantage.

4.4. Temporal Pattern Analysis (T-Patterns)

The use of T-pattern detection revealed sequential structures in penalty execution
that are not apparent in conventional statistics. These patterns, consistent with prior
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applications of THEME in sports performance analysis [4,31], indicate that certain spatial
choices and outcomes cluster under specific contextual conditions. Such structures align
with the concept of emergent coordination patterns in ecological dynamics, where athletes
adapt based on environmental cues and the evolving sequence of play.

By uncovering these hidden temporal regularities, our study adds to the evidence
supporting T-pattern analysis as a tool for revealing the underlying logic of performance
behaviors. This approach offers practical value by enabling coaches to anticipate and train
for recurrent behavioral sequences in high-pressure scenarios.

4.5. Contributions and Applied Implications

This research provides new evidence on how spatial symmetry is maintained or
broken during decisive penalty kicks, integrating both spatial and temporal perspectives.
By highlighting the interplay between biomechanical preferences, psychological pressure,
and sequential dependencies, the findings can inform targeted training interventions for
both kickers and goalkeepers. For example, goalkeepers may benefit from training to resist
anticipatory movements that open central shooting lanes, while kickers can be trained to
exploit these openings effectively.

Moreover, the methodological integration of systematic observation with T-pattern
detection offers a replicable framework for analyzing performance behaviors in other sports
contexts. The dual focus on spatial and temporal patterns enriches the tactical understand-
ing of penalty shootouts, providing actionable insights for elite-level preparation.

4.6. Limitations and Future Research Directions

This study focused exclusively on decisive penalty kicks in elite international competi-
tions, which may limit its applicability to league matches or non-decisive penalties. The
relatively small number of left-footed kickers restricted the robustness of laterality-based
comparisons, and goalkeeper anticipation or movement patterns—despite their potential
influence—were not examined. The T-pattern methodology is sensitive to coding quality
and temporal resolution; integrating multimodal data (e.g., biomechanics, gaze tracking,
physiological indicators) could strengthen analyses. The predefined goal-zone grid could
also be replaced or complemented by dynamic spatial models, such as ball-trajectory
heatmaps or Al-based goalkeeper tracking.

Future studies should test training interventions to manage spatial-temporal asymmetries,
analyze decision-making under fatigue or emotional stress, and explore kicker—goalkeeper
interaction dynamics to enhance performance in high-pressure contexts.

5. Conclusions

This study offers new insights into how elite football players respond to high-pressure
situations by selectively breaking spatial and behavioral symmetry during decisive penalty
kicks. The results confirm that penalty shootouts are not purely stochastic events but are
governed by strategic tendencies shaped by biomechanical familiarity, perceptual comfort,
and psychological stress.

Despite the theoretically symmetrical nature of the goal structure, kickers consis-
tently favored the lower zones—particularly the short-post areas on their dominant
side—suggesting a functional asymmetry driven by motor control strategies. Interest-
ingly, central areas, although infrequently targeted, demonstrated the highest success rates,
pointing to untapped opportunities that remain underutilized in practice.

Contextual factors such as venue, order of execution, and type of penalty (i.e., win/loss
consequence) also influenced outcomes, highlighting the role of situational asymmetries
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beyond spatial configuration. These findings suggest that both environmental and inter-
nal (motor/perceptual) asymmetries must be considered when analyzing performance
under pressure.

Moreover, the T-pattern analysis revealed structured behavioral sequences that dis-
tinguish successful from unsuccessful kicks, underscoring the importance of temporal
dynamics and routine consistency in high-stakes contexts.

From an applied perspective, these results support tailored training approaches that
incorporate not only spatial variability in shot placement but also psychological resilience
and decision-making under stress. For coaches and analysts, understanding the nuanced
interplay between symmetry, laterality, and outcome can inform more effective strategies
in preparation for penalty shootouts.
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Abstract: Background: School ergonomics is a subject of growing interest for the scientific community
due to the health problems that it is associated with in students, mainly asymmetries in the spine due
to the use of chairs and desks that are inadequate for their anthropometry. This study aimed to analyze
the anthropometric characteristics and asymmetries among fifth- to ninth-grade students in Spain
and Portugal, with the goal of obtaining data on the ideal height of seats and desks. Additionally,
it evaluated the correspondence in the recommended sizes of chairs and desks according to the
parameters of the European Union catalog and examined the suitability of the height as a criterion
for the allocation of school furniture. Methods: Different anthropometric variables, including the
height, popliteal height, shoulder-to-seat height, and elbow-to-seat height, were measured in a
stratified sample of 500 students (mean age = 12.7 years, SD = 1.2) across different grades (fifth
grade = 86, sixth grade = 106, seventh grade = 95, eighth grade = 89, ninth grade = 124), genders
(males = 256, females = 244), and countries (Spain = 191, Portugal = 309). These measurements
were used to calculate the average ideal seat and desk heights based on anthropometric formulas,
which were then compared to the current furniture allocation practices. The statistical analyses
included t-tests, chi-squared tests, and effect sizes, with adjustments for multiple comparisons.
Results: The results revealed significant asymmetries and low correspondence in the allocation
of chairs and desks of the same sizes to students, with a match rate ranging between 40% and
70%. Moreover, the correspondence was even lower when using a formula based solely on height,
compared to formulas validated with specific anthropometric measures, particularly for desks, where
the asymmetries reached 100% in some grades. Conclusion: These findings highlight the need
to improve the adaptation of school furniture to optimize student ergonomics and comfort, and
they suggest disregarding the height as the primary criterion for furniture allocation. Additionally,
assigning a desk size based on the recommended chair size is discouraged.

Keywords: education; anthropometry; ergonometry; seat; desk

1. Introduction

Posture and spinal symmetry are essential for physical development, especially during
childhood and adolescence, when the body grows rapidly [1]. The spine, which serves as
the central axis of the musculoskeletal system, plays a crucial role in the body’s stability and
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mobility. Maintaining proper symmetry and posture is vital not only for musculoskeletal
health but also for overall well-being [2]. During the early stages of life, postural habits are
established that can prevent long-term back problems [3].

One of the most critical moments at which to focus on posture is in school. Stu-
dents spend a significant amount of time sitting—approximately 6.5 h per day in school
settings [4,5]. This prolonged sitting time, which can constitute between 70 and 90% of
the school day [6,7], can lead to spinal asymmetries if proper posture is not maintained.
In the short term, this may cause minor discomfort, but, over time, it can develop into
more serious issues, such as scoliosis. In Spain, it has been found that 51% of boys and
more than 69% of girls have experienced low back pain before the age of 15 [1,8]. Preven-
tive intervention is crucial to prevent these problems from becoming chronic conditions
in adulthood.

School furniture plays an essential role in the prevention of postural problems. A
mismatch between the furniture dimensions and students” anthropometric characteristics
can negatively impact their posture and long-term health [9-11].

Historically, the allocation of school furniture has been based on general criteria
such as the chronological age or the average height of students. However, this approach
does not take into account individual variations in body proportions or the differences
in physical development among students of the same age. Therefore, it is essential to
determine whether this method is suitable for the anthropometric characteristics of the
student population.

The European Standard 1729:1-2015 provides guidelines on school furniture dimen-
sions, defining criteria for the design of chairs and desks based on students” anthropometric
characteristics [12]. This standard proposes eight different sizes to accommodate the
variability in student dimensions throughout their education. To simplify allocation, it
introduces a color-coding system that symmetrically associates each chair and desk size
with a color. However, it is important to evaluate whether this symmetrical allocation
truly matches the students” anthropometric characteristics. Previous research has shown
that, in some educational centers, the implementation of this standard is insufficient,
with the continued use of proprietary size guides rather than adhering to the European
recommendations [13,14].

Early intervention is key to correcting postural misalignments before they become
chronic problems. Postural education programs in schools, which teach students the
importance of correct posture when sitting, walking, and engaging in daily activities,
are essential [15]. In the classroom, the sitting posture is particularly relevant. Many
students adopt incorrect postures, negatively affecting their spinal alignment. Proper
posture involves keeping the back straight, shoulders relaxed, feet flat on the floor, and
knees at a 90-degree angle, which evenly distributes the weight and reduces the spinal
pressure [16], seeking adequate symmetry in the spine. School furniture should be adapted
to the physical characteristics of students to avoid forced postures and promote a healthy
learning environment [9,17]. Thus, the combination of ergonomic furniture design with
proper postural education can reduce the incidence of musculoskeletal problems [18].

Early intervention with the effective implementation of ergonomic standards in school
furniture and the correct adaptation of school furniture is crucial in preventing future
musculoskeletal problems. Therefore, the objective of this study was to analyze the mor-
phological asymmetries between two populations (Spain and Portugal) differentiated by
sex, assess whether students in the same grade use the same size of school furniture, and
verify whether the height is an adequate criterion for its allocation. Additionally, the
correspondence between the chair and desk sizes of the European catalog based on color
coding was examined.

To address the objectives of this study, the following research questions were formulated.

Are there significant differences in the anthropometric characteristics and furniture
needs of students based on their grade, gender, and country of origin (Spain and Portugal)?
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Does the alignment between school furniture sizes and students” anthropometric charac-
teristics differ when using height-based criteria versus validated anthropometric formulas?

To what extent does the correspondence between chair and desk sizes meet the
ergonomic needs of students as defined by the European school furniture catalog?

These questions aimed to explore the anthropometric disparities between the two pop-
ulations and assess the adequacy of the current school furniture allocation practices.

2. Materials and Methods
2.1. Sample

The participants in this study were students from two public primary and secondary
education schools located in a city in Southern Galicia and another in Northern Portugal.
A total of 500 students (256 boys and 244 girls), with a mean age of 12.7 years (SD = 1.2),
including boys (mean age = 12.10 years, SD = 1.44) and girls (mean age = 12.15 years,
SD = 1.44), from grades 5 to 9 in Portugal and from the 5th and 6th grades of primary
education and 1st to 3rd years of ESO (the equivalent of grades 7 to 9 in Portugal) in Spain,
were invited to participate (see Table 1). A convenience sampling technique was used
to facilitate the recruitment of the students. All students who provided signed informed
consent from their parents or guardians, as well as their own assent, were included in the
study. Repeating students were assigned to the grade corresponding to their biological age.

Table 1. Description of the study sample.

Spain (n = 191) Portugal (n = 309)
Grade Males Females Males Females
(n=91) (n =100) (n =165) (n =144)
5th grade 19 18 29 20
6th grade 25 23 25 33
7th grade 15 17 34 29
8th grade 13 19 36 21
9th grade 19 23 41 41
Total 91 100 165 144

Note: “Grade” refers to the academic year level of the students. For Spain, grades 5 and 6 correspond to primary
education, while grades 7, 8, and 9 correspond to the 1st, 2nd, and 3rd years of ESO (secondary education). In
Portugal, grades 5 to 9 represent consecutive years of basic education.

Students with diagnosed physical conditions or health issues that could affect their
posture or anthropometric measurements (e.g., scoliosis, physical disabilities, or muscu-
loskeletal disorders) were excluded from the study. This criterion ensured that the results
reflected the typical anthropometric characteristics of the general student population.

To carry out this study, the necessary permissions were obtained from the school
administration. All families and students were informed in advance about the research
objectives, the procedures to be followed, the confidentiality statement, and the contact
details of the researcher. The ethical principles of medical research involving human
subjects, as outlined in the Declaration of Helsinki [19], were respected at all times.

The study received approval from the Ethics Committee of the Faculty of Education
and Sport Sciences at the University of Vigo, under code 04/1019.

2.2. Measurements

The height, popliteal height, elbow height, and shoulder height were measured for
this study. Anthropometric measurements followed the procedures established in previous,
similar studies [9]. Students were assessed on the right side (except for height) while
seated in an adjustable chair with a horizontal seat surface. The legs were kept at a
90° angle, with the feet fully resting on an adjustable footrest. During the measurement
process, the students were barefoot and wore shorts and a short-sleeved shirt. A 60 cm
Cescorf anthropometer, certified by the International Society for the Advancement of
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Kinanthropometry (ISAK), was used for all measurements, with the exception of the height,
which was recorded with a portable Seca stadiometer (range 20-205 cm). Measurements
were conducted over ten sessions, one for each grade level evaluated, and recorded in
centimeters by an assistant; all were carried out by the same anthropometrist. This approach
minimized the errors that can occur when multiple anthropometrists are involved [20]. The
precision and repeatability of the measurements were ensured by the anthropometrist’s
training, certified at ISAK Level 3, and their prior experience in such evaluations. At least
two measurements were taken for each parameter, and, if the difference exceeded 0.5 cm, a
third measurement was taken. The following anthropometric measures were included to
calculate the ideal furniture dimensions [21] (see Figure 1).

Figure 1. Anthropometric measurements.

e  Stature (S): Defined as the vertical distance between the floor and the top of the head,
measured with the subject standing upright and looking forward (Frankfurt plane).

e Seated shoulder height (SHS): The vertical distance from the sitting surface to
the acromion.

e Seated elbow height (EHS): Measured with the elbow flexed at 90°. The vertical
distance from the bottom of the elbow (olecranon) to the sitting surface.

e Popliteal height (PH): The knee should be bent at 90°. The vertical distance from the
floor to the back of the knee (popliteal area).

The equations used to calculate the ideal heights of chairs and desks were as fol-
lows [22].

e  Seat height (SH): (PH+2.5) cos30° < SH < (PH+2.5) cos5°;
e  Desk height (DH): (SH+EHS < DH < (SH + EHS*0.7396 + SHS*0.2604).

2.3. Procedure

The anthropometric measurements were carried out over five consecutive days, from
Monday to Friday, in both countries. The assessments were conducted during school hours,
between 9:00 a.m. and 2:00 p.m. Each day, one grade level was evaluated, starting with the
5th grade and ending with the 9th grade. In Spain, the measurements were taken during
the second week of March 2023, while, in Portugal, they were conducted during the third
week of the same month.

The data were recorded in an SPSS spreadsheet, where the ideal seat and desk heights
for each subject were determined using the previously mentioned formulas. Additionally,
the corresponding seat and desk size for each student was estimated based on their stature.
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Subsequently, a correspondence analysis was performed between the size/color calculated
from the anthropometric formulas, which included the popliteal height, elbow height,
and shoulder height, and the estimation based solely on the stature. A discrepancy was
considered when both calculations suggested a different size/color.

Furthermore, the degree of mismatch between the seat and desk size/color assigned
to the students (see Figure 2) was evaluated using the formula based on multiple anthro-
pometric measurements. A mismatch was considered when the size/color of one piece of
furniture did not match the other, according to the parameters established in the reference
furniture catalog of the European Union (e.g., yellow seat/size 3 and red desk/size 4).

shslsllslnilng

Desk Height 460 mm 530 mm 590 mm 640 mm 710 mm 760 mm

= , =
A oMo MM

Seat Height 260 mm 310 mm 350 mm 380 mm 430 mm 460 mm
ORANGE VIOLET YELLOW RED GREEN BLUE
FEET FEET FEET FEET FEET FEET
Size Mark
Age Range 34 4-6 6-8 8-11 11-14 14-Adult

Figure 2. Seat and desk size types from the European Union’s furniture catalog.

2.4. Data Analysis

All statistical analyses were performed using the IBM Statistical Package for the Social
Sciences, version 25.0 (IBM SPSS Inc., Chicago, IL, USA). A descriptive analysis, stratified
by grade level, was conducted for each of the study variables through measures of the
central tendency (mean and standard deviation). The normality of the sample was checked
using the Kolmogorov-Smirnov test (with Lilliefors correction) for variables with more
than 50 cases and the Shapiro-Wilk test for variables with 50 or fewer cases. The mean
values of the quantitative variables studied were compared between males and females
and between Spain and Portugal, using a t-test for independent samples when the sample
was normal and the Mann-Whitney U test when the sample was not normal. Qualitative
variables, such as the grade, sex (male/female), country of origin (Spain/Portugal), and
types of seat and desk sizes according to the EU catalog, were compared using crosstabs
to calculate the chi-squared statistic (x? test of independence) and evaluate associations
between categorical data.

To control for the risk of committing a type I error due to multiple comparisons, the
Holm-Bonferroni correction was applied within each set of comparisons, ensuring the
rigorous adjustment of the significance levels. For comparisons that remained significant
after applying the Holm-Bonferroni correction, effect sizes (Cohen’s d) were calculated to
assess the magnitude of the observed differences. The Cohen’s d values were interpreted as
small (d = 0.2), medium (d = 0.5), and large (d = 0.8).

In all statistical tests, a significance level of p < 0.05 was considered, except for those
adjusted using the Holm—Bonferroni correction.

3. Results
Descriptive Analysis

Table 2 presents the descriptive analysis of the study, recording the measurements of
the height, popliteal height, shoulder height while seated, and elbow height while seated
with the elbow flexed at 90° to the seat. The analysis was performed by stratifying the data
by country and by the students” academic grade.
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In the sample analyzed in Spain, statistically significant differences between males and
females were observed in terms of the height and popliteal height in the eighth and ninth
grades, as well as in the elbow-to-seat height in the seventh grade and the shoulder-to-seat
height in the ninth grade. In all cases, males presented larger dimensions.

For the students in Portugal, significant differences between males and females were
only found in the ninth grade for the variables of the height, popliteal height, and elbow-to-
seat height. In all cases, except for the latter variable, males also showed larger dimensions.

No significant differences were found when comparing the results between Spain
and Portugal in the variables of the height and elbow height. However, significant differ-
ences were observed in the elbow-to-seat height and shoulder-to-seat height, with larger
dimensions in the Portuguese students in both cases.

Table 3 shows the mean ideal seat and desk height by age group for students from
Spain and Portugal, together with a statistical comparison between the two countries.

Table 3. Descriptive analysis of ideal seat height and ideal desk height by grade and country.

Mal ISH Spain ISH Portugal t p IDH Spain IDH Portugal t p
ales — — — —

X SD X SD X SD X SD
5th grade 38.2 2.6 37.5 2.3 0.997 0.324 60.4 4.2 61.3 3.0 —0.853 0.398
6th grade 40.1 24 37.9 2.6 3.205 0.002 *1 63.7 42 62.0 3.1 1.545 0.129
7th grade 39.4 2.1 39.5 2.7 —0.112 0.911 61.3 3.3 66.3 4.1 —4.151 0.000 *2
8th grade 41.7 1.7 40.3 2.6 1.789 0.080 65.2 2.6 67.4 3.4 —2.208 0.032 %3
9th grade 429 1.7 425 3.2 0.668 0.507 67.0 3.2 70.6 4.8 —2.917 0.005 *4

ISH Spain ISH Portugal t p IDH Spain IDH Portugal t p
Females — — — —

X SD X SD X SD X SD
5th grade 39.5 19 37.8 2.1 2.649 0.012 #° 62.5 2.7 63.5 4.8 —0.797 0.431
6th grade 39.9 2.1 38.7 2.4 2.004 0.050 63.9 3.9 62.9 3.5 1.013 0.315
7th grade 38.3 1.4 38.9 2.2 —1.055 0.297 62.3 3.3 67.4 4.2 —4.319 0.000 *7
8th grade 39.9 1.8 39.7 2.6 0.332 0.742 64.2 2.6 68.6 3.9 —4.117 0.000 *8
9th grade 38.8 2.2 40.5 2.0 —3.167 0.002 *° 63.6 2.9 70.3 4.1 —6.860 0.000 *?

Note: ISH = ideal seat height; IDH = ideal desk height; X = mean; SD = standard deviation; t = t-statistic
(result of t-test); p = level of significance. p-values were adjusted using the Holm-Bonferroni correction to
control for multiple comparisons; only values marked with an asterisk (*) remained significant after adjustment.
Cohen’s d values are provided for significant differences (Holm-Bonferroni corrected): ' d = 0.881;% d = —1.289;
3d=-0684;*d=-0.820;%d =—0.847;°d = —0.820;7 d = —1.309; 8 d = —1.314; ° d = —1.802.

Significant differences were found in the ideal seat height for males in the fifth grade,
as well as in the desk height in the seventh, eighth, and ninth grades, when comparing
students from Spain and Portugal. For females, significant differences were also observed
between students from both countries in the ideal seat height in the fifth, sixth, and ninth
grades and in the desk height for the seventh to the ninth grades. In all cases, Portuguese
students required higher furniture than Spanish students.

Table 4 provides a descriptive analysis of the seat sizes, according to the EU catalog,
needed in classrooms from fifth to ninth grade, stratified by sex and country. Additionally,
the analysis includes a comparison between students from Spain and Portugal.

The data showed that, considering the sex and country of origin, in the fifth grade, sizes
35 and 38 were predominant, with more than 72% of the students having anthropometric
characteristics suitable for these two chair models. In the sixth grade, sizes 38 and 43 were
the most common, with up to 68% of boys in Portugal requiring size 38. In the seventh
grade, size 43 was the most frequent, with at least 55.2% of the students, regardless of
sex and country, showing anthropometric dimensions compatible with this seat model.
In the eighth and ninth grades, sizes 38 and 43 better suited the students” morphological
characteristics compared to other sizes. It is worth noting that up to 84.2% of Spanish boys
needed size 43, while up to 60.9% of Spanish girls required size 38. It was found that using
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two sizes per grade, based on the needs, allowed the coverage of over 70% of the students,
regardless of their sex and country of origin.

Table 4. Types of seat sizes according to EU catalog by grade and country.

Grade Males Females
Spain Portugal X2 p Spain Portugal X p
n % n % % n %

5th grade S26 0 0.0% 0 0.0% 3.586 0.310 0 0.0% 0 0.0% 3.022 0.388
S31 1 5.3% 1 3.4% 0 0.0% 1 5.0%
S35 2 10.5% 10 34.5% 2 11.1% 4 20.0%
S38 13 68.4% 14 48.3% 11 61.1% 13 65.0%
543 3 15.8% 4 13.8% 5 27.8% 2 10.0%
S46 0 0.0% 0 0.0% 0 0.0% 0 0.0%

6th grade S26 0 0.0% 0 0.0% 11.019  0.012 0.0% 0 0.0% 3.067 0.216
S31 0 0.0% 4 16.0% 0 0.0% 0 0.0%
S35 2 8.0% 1 4.0% 1 4.3% 6 18.2%
S38 11 44.0% 17 68.0% 13 56.5% 19 57.6%
S43 12 48.0% 3 12.0% 9 39.1% 8 24.2%
S46 0 0.0% 0 0.0% 0 0.0% 0 0.0%

7th grade S26 0 0.0% 0 0.0% 1.37 0.713 0.0% 0 0.0% 5.336 0.069
S31 0 0.0% 0 0.0% 0 0.0% 0 0.0%
S35 1 6.7% 5 14.7% 1 5.9% 7 24.1%
S38 9 60.0% 20 58.8% 15 88.2% 16 55.2%
S43 5 33.3% 8 23.5% 1 5.9% 6 20.7%
S46 0 0.0% 1 2.9% 0 0.0% 0 0.0%

8th grade S26 0 0.0% 0 0.0% 2.123 0.547 0.0% 0 0.0% 1.905 0.592
S31 0 0.0% 0 0.0% 0 0.0% 0 0.0%
S35 0 0.0% 2 5.6% 0 0.0% 1 4.8%
S38 3 23.1% 14 389% 12 63.2% 12 57.1%
S43 9 69.2% 18 50.0% 7 36.8% 7 33.3%
S46 1 7.7% 2 5.6% 0 0.0% 1 4.8%

9th grade S26 0 0.0% 0 0.0% 6.868 0.076 0.0% 0 0.0% 10.688 0.005
S31 0 0.0% 0 0.0% 0 0.0% 0 0.0%
S35 0 0.0% 1 2.4% 4 17.4% 0 0.0%
S38 2 10.5% 13 31.7% 14 60.9% 20 48.8%
S43 16 84.2% 20 48.8% 5 21.7% 21 51.2%
S46 1 5.3% 7 17.1% 0 0.0% 0 0.0%

Note: n = number of participants; % = percentage; x> = chi-squared statistic; p = level of significance; S26 = seat
size 26; S31 = seat size 31; S35 = seat size 35; S38 = seat size 38; S43 = seat size 43; 546 = seat size 46.

The analysis indicated that, except for sixth-grade boys and ninth-grade girls, there
were no significant differences in the required chair sizes for classroom furniture from the
fifth to ninth grade between students from Spain and Portugal.

The significant differences mentioned earlier indicated that, in the sixth grade in Spain,
more boys required taller seats compared to Portugal. Specifically, more boys in Spain
needed size 43 (48%) than in Portugal (12%). In the ninth grade, the opposite occurred: in
Portugal, more girls needed size 44 compared to Spain (51.2% versus 21.7%).

In Table 5, the same results are presented as in the previous table but regarding desks.

The analysis showed a predominance of sizes 59 and 64 for both sexes and countries
in fifth grade. It is important to note that 55.2% of Portuguese boys and 72.2% of Spanish
girls required size 64. In sixth grade, most students also needed size 64 (ranging from
43.5% to 64%), although a considerable percentage of boys and girls required size 59
(ranging between 16% and 33.3%, depending on sex and country). In seventh grade, the
predominant sizes were 64 and 71, with a minimum of 34.5% of Portuguese girls and a
maximum of 52.9% of Spanish girls needing size 64. Notably, 51.7% of Portuguese girls
required size 71. In eighth grade, size 64 was clearly dominant, being needed by up to
76.9% of Spanish boys, 52.8% of Portuguese boys, 73.7% of Spanish girls, and 42.9% of
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Portuguese girls. Finally, in ninth grade, sizes 64 and 71 accommodated the majority of
students, with more than half of Spanish boys and 53.7% of Portuguese girls requiring
size 71, although only 13% of Spanish girls needed this size. It is worth noting that, in
Portugal, a large proportion of students also needed size 76 (22.4% of boys and 22.0% of
girls). Again, as with the chairs, it was found that using only two sizes could accommodate,
in the worst-case scenario, up to 70% of students.

Table 5. Types of desk sizes according to EU catalog by grade and country.

Grade Males Females
Spain Portugal x> p Spain Portugal x> p
n % n % n % n %

5th grade D46 0 0.0% 0 0.0% 4431  0.219 0.0% 0 0.0% 6.436  0.092
D53 3 15.8% 1 3.4% 0 0.0% 1 5.0%
D59 8 42.1% 12 41.4% 5 27.8% 7 35.0%
D64 7 36.8% 16 552% 13 72.2% 8 40.0%
D71 1 5.3% 0 0.0% 0 0.0% 4 20.0%
D76 0 0.0% 0 0.0% 0 0.0% 0 0.0%

6th grade D46 0 0.0% 0 0.0% 4366  0.359 0.0% 0 0.0% 5.058  0.168
D53 2 8.0% 2 8.0% 0 0.0% 1 3.0%
D59 4 16.0% 8 32.0% 7 30.4% 11 33.3%
D64 16 64.0% 15 60.0% 10  43.5% 19 57.6%
D71 2 8.0% 0 0.0% 6 26.1% 2 6.1%
D76 1 4.0% 0 0.0% 0 0.0% 0 0.0%

7th grade D46 0 0.0% 0 0.0% 6.968  0.073 0.0% 0 0.0%  14.969  0.002
D53 0 0.0% 0 0.0% 0 0.0% 0 0.0%
D59 8 53.3% 7 20.6% 7 41.2% 2 6.9%
D64 6 40.0% 15 44.1% 9 52.9% 10  34.5%
D71 1 6.7% 10 29.4% 1 5.9% 15 51.7%
D76 0 0.0% 2 5.9% 0 0.0% 2 6.9%

8th grade D46 0 0.0% 0 0.0% 3.702  0.157 0.0% 0 0.0% 8.778  0.032
D53 0 0.0% 0 0.0% 0 0.0% 0 0.0%
D59 1 7.7% 1 2.8% 2 10.5% 0 0.0%
D64 10 76.9% 19 52.8% 14 73.7% 9 42.9%
D71 2 15.4% 16 444% 3 15.8% 10 47.6%
D76 0 0.0% 0 0.0% 0 0.0% 2 9.5%

9th grade D46 0 0.0% 0 0.0%  11.154  0.011 0.0% 0 0.0%  26.471  0.000
D53 0 0.0% 0 0.0% 0 0.0% 0 0.0%
D59 0 0.0% 2 4.9% 5 21.7% 0 0.0%
D64 9 47 4% 6 14.6% 15 65.2% 10 244%
D71 10 52.6% 23  56.1% 3 13.0% 22 53.7%
D76 0 0.0% 10 244% 0 0.0% 9 22.0%

Note: n = number of participants; % = percentage; x> = chi-squared statistic; p = level of significance; D46 = desk
size 46; D53 = desk size 53; D59 = desk size 59; D64 = desk size 64; D71 = desk size 71; D76 = desk size 76.

For boys, no statistically significant differences were found when comparing students
from both countries in terms of the size required in class, except in ninth grade. At this
level, a large percentage of Portuguese boys required size 76 (56.1%), which did not occur
among Spanish students (0%).

Regarding girls, there were no differences in the fifth and sixth grades, but there
were differences in the seventh to ninth grades. In these cases, Portuguese girls generally
required larger sizes in a greater percentage than Spanish students.

The following presents an analysis of the asymmetry in the matching of school furni-
ture to students. First, as shown in Figure 3, a general evaluation was conducted, without
stratification by sex, grade, or country, to determine whether the chair size, as indicated
by the color in the European Union catalog, matched the desk size of the corresponding
color (e.g., chair size 26 cm —red— with desk size 43 cm —red—). Additionally, the
agreement was compared between the recommended size for a student, obtained through
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formulas based on specific anthropometric measurements (popliteal height, elbow-to-seat
distance, and shoulder-to-seat distance), and the size determined solely based on the
student’s height.

PRt Y APRR IS TQrY Ty PSP Qi o
Lolour lviatcning 15. Matcnmg Otature — 1511

Figure 3. Color-coded matching between ideal sitting height (ISH) and ideal desk height (IDH),
matching stature to ISH, and matching stature to IDH (global data, not stratified by sex, country, or
grade level).

The results showed a mismatch of over 50% when comparing the alignment between
seat and desk sizes of the same color according to the European Union catalog. This
percentage increased to more than 70% when the student’s height was used as the sole
criterion to assign furniture.

Table 6 presents the previously described asymmetry analysis, but taking into account
the students’ sex, grade level, and country.

Table 6. Degree of concordance of seat and desk size according to the European Union catalog
(based on pre-set color) and degree of agreement in the calculation of the ideal seat and desk height
according to the height formula or the validated anthropometric measures formula.

Grade Males Females
Spain Portugal x> p Spain Portugal X2 p
n % n % n % n %
Color Matching ~ No 13 684% 14 483% 1893 0.169 11 61.1% 13 65.0% 0.062 0.804
ISH-IDH Yes 6 31.6% 15 51.7% 7 38.9% 7 35.0%
5th grade Matching No 9 474% 15 51.7% 0.087 0768 8 444% 11 55.0% 0422 0516
Stature-ISH Yes 10 52.6% 14 48.3% 10  55.6% 9 45.0%
Matching No 14 737% 23 793% 0206 0650 11 61.1% 16 80.0% 1.643 0.200
Stature-IDH Yes 5 263% 6 20.7% 7 389% 4 20.0%
Color Matching No 15 60.0% 12 48.0% 0725 039 12 522% 13 394% 089 0.344
ISH-IDH Yes 10 40.0% 13  52.0% 11 478% 20 60.6%
6th grade Matching No 12 48.0% 16 64.0% 1299 0254 11 478% 21 63.6% 1383 0.240
Stature-ISH Yes 13  52.0% 9 36.0% 12 522% 12 36.4%
Matching No 19 76.0% 22 88.0% 122 0269 16 69.6% 31 939% 597 0.015
Stature-IDH Yes 6 24.0% 3 12.0% 7 304% 2 6.1%
Color Matching No 11 733% 18 529% 1792 0.181 6 353% 19 655% 3946 0.047
ISH-IDH Yes 4 26.7% 16 47.1% 11 647% 10 34.5%
7th grade Matching No 9 60.0% 26 765% 1384 0240 15 882% 24 82.8% 0249 0.618
Stature-ISH Yes 6 40.0% 8 23.5% 2 11.8% 5 17.2%
Matching No 15 100.0% 28 824% 3.016 0.082 17 100.0% 19 655% 7.49 0.006
Stature-IDH Yes 0 0.0% 6 17.6% 0 0.0% 10 34.5%
Color Matching No 10 769% 17 472% 3406 0.065 6 31.6% 14 66.7% 4912 0.027
ISH-IDH Yes 3 231% 19 52.8% 13 68.4% 7 33.3%
8th grade Matching No 12 923% 29 80.6% 0966 0326 18 947% 16 762% 2.691 0.101
Stature-ISH Yes 1 7.7% 7 19.4% 1 5.3% 5 23.8%
Matching No 13 100.0% 36  100.0% 19 100.0% 16 762% 5.17  0.023
Stature-IDH Yes 0 0.0% 0 0.0% 0 0.0% 5 23.8%
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Table 6. Cont.

Grade Males Females
Spain Portugal x> p Spain Portugal X2 p
n % n % n % n Y%

Color Matching ~ No 8§ 421% 18 439% 0017 08% 9 391% 21 51.2% 0.865 0.352

ISH-IDH Yes 11 579% 23 56.1% 14 609% 20 48.8%
9th orade Matching No 18 947% 33 80.5% 2068 0150 22 957% 34 829% 2181 0.140

& Stature-ISH Yes 1 5.3% 8 19.5% 1 4.3% 7 17.1%
Matching No 19 100.0% 29 70.7% 6951 0.008 23 100.0% 26 63.4% 10.991 0.001

Stature-IDH Yes 0 0.0% 12 29.3% 0 0.0% 15 36.6%

Note: n = number of participants; % = percentage; x> = chi-squared statistic; p = level of significance; ISH = ideal
seat height; IDH = ideal desk height.

The highest alignment was found in Spanish girls in the eighth grade, with 68.4%. In
contrast, the greatest asymmetry was also found in the eighth grade but among Spanish
boys, with 76.9%. Generally, the asymmetry ranged between 40% and 70%.

When the alignment was evaluated by determining the chair size using only the height,
compared to the validated formula that incorporated several anthropometric measurements,
a high degree of discordance was found. The best alignment was recorded in the fifth
grade, with 52.6% for Spanish boys, but many alignments fell below 20%, especially in
higher grades. In the fifth and sixth grades, the alignment ranged from 40% to 60% but
then decreased significantly.

For the desks, the asymmetry was even greater, with very low alignment percentages
from the fifth to the ninth grades. The best alignment, considering the grade, sex, and
country, was 38.9% in Spanish girls in the fifth grade. In several grades in both countries,
there was 100% discordance.

4. Discussion

The aim of this study was to analyze the morphological asymmetries between two
populations differentiated by grade, gender, and nationality (Spain and Portugal). Addi-
tionally, it evaluated whether students in the same grade used a uniform size of school
furniture. Furthermore, the study aimed to verify the degree of correspondence between
the assignment of a specific size and color of chair and the corresponding type of desk,
according to the European Union’s school furniture catalog. Finally, it examined whether
the height was an appropriate criterion for the assignment of school furniture

This approach is highly relevant since inadequate school furniture is associated with
a higher prevalence of musculoskeletal problems, especially at early ages, representing
critical stages for posture and growth [23]. Moreover, morphological asymmetries and
their relationships with furniture not only affect students” comfort and efficiency but also
directly influence their long-term health [24]. In this regard, this study provides key data
to better understand the need for a more precise and personalized approach to school
furniture design.

This study’s results confirm the trends observed in previous research [17,25]. In the
fifth and sixth grades, girls tend to be taller than boys. However, in the seventh grade, the
height differences between the sexes almost disappear. From the eighth grade onwards, a
notable difference reappears, but in favor of boys, who show a tendency to be taller than
their female classmates.

This growth pattern is related to the phases of pubertal development, which tend to
occur earlier in girls. Anthropometric studies indicate that girls usually reach their growth
peak before boys, explaining the difference observed in the early years of secondary educa-
tion. However, once they reach puberty, boys experience a more prolonged and accelerated
period of growth, eventually surpassing girls in height by the end of adolescence [26,27].
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This phenomenon highlights the importance of considering not only sex but also the stage
of biological development when designing and assigning school furniture [14,28].

National differences can also be related to genetic, nutritional, and socioeconomic
factors, although these are not extremely significant between Spain and Portugal. Despite
the cultural and geographical similarities between both countries, some studies have
suggested that small variations in diet, physical activity, and access to healthcare may
influence students’ growth characteristics [29]. However, the differences observed in this
study are not pronounced enough to justify country-specific school furniture designs,
reaffirming the viability of a common approach in Europe [12], as long as the diversity
within each school population is considered.

The data on ideal chair and desk heights clearly show that it is not easy to standardize
school furniture sizes by academic grade. There is no grade, not even when separating
students by sex in Spain and Portugal, in which a single size of chair or desk can be suitable
for all students.

This finding confirms what previous studies have indicated [14,28,30]: the variability
in anthropometric dimensions within each school group is too large for a uniform approach
to work effectively. Standardization based on the academic grade ignores the diversity in
students’ growth and morphologies, potentially leading to a significant mismatch between
ergonomic needs and the available furniture. Therefore, it is essential that school furniture
design and assignment consider greater adaptability, allowing for personalized adjustments
that accommodate individual variations.

Even when separating students by sex, the results indicate that at least two different
sizes of chairs and desks are needed per grade. In the most complex scenarios, up to
four different sizes of chairs and desks were required within the same grade and sex [25],
highlighting the need for more adaptable and personalized furniture.

The wide variability in furniture sizes within the same grade emphasizes the im-
portance of offering a broader range of furniture options, possibly through adjustable
solutions [14,31-33]. The use of height-adjustable chairs and desks would allow for more
precise adaptation to each student’s needs, promoting proper posture and reducing the risk
of long-term musculoskeletal problems. This finding supports the need for educational
policies that promote investment in flexible and ergonomically efficient furniture.

On the other hand, as previous research has shown [25,34], this study confirms that
the strategy of assigning school furniture based solely on height is inadequate. There is
considerable disagreement between the estimated chair and desk heights when using this
technique and the students’ actual needs when validated formulas considering multiple
anthropometric measurements are used.

This discrepancy highlights that the height is not a sufficient measure to determine a
student’s ergonomic needs. Body proportions, such as the torso length, the arm length, and
the distance from the floor to the thighs, are equally important in ensuring proper posture
while seated [34]. Validated anthropometric formulas, which include these additional
measurements, offer a more precise approach, but their widespread application in the
school setting requires training and tools that are not currently available in all educational
institutions [35].

Although not all teachers have the necessary training to use an anthropometer correctly,
which could lead to inaccurate measurements, recent proposals have emerged that allow
furniture size estimation without relying exclusively on students” height.

These proposals include the use of digital applications and automated measurement
tools, which could facilitate more accurate and efficient furniture assignment [17]. Some
of these technologies can be easily integrated into the school environment, reducing the
burden on teachers and improving the measurement accuracy, allowing for the greater
individualization of the assigned furniture.

Moreover, this study also demonstrates that assigning desks based on the chair size,
solely determined by popliteal height measurements, is not an effective strategy. The
data revealed that the number of students whose chair size matched the corresponding
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desk size was alarmingly low. The popliteal height, while useful in determining the chair
size, does not adequately consider the relationship between the leg and torso lengths,
which is essential in determining the optimal desk height. This finding is consistent with
previous research [32] that suggests that basing both decisions on a single anthropometric
measurement is insufficient and potentially harmful to students” posture. The European
UNE-EN 1729 standard for school furniture, which associates chairs and desks by size and
color, suggests a direct relationship between the two, but this study’s results indicate that
this correlation is deficient.

This study questions the viability of the current European standard for school furniture,
which rigidly associates chairs and desks. The findings suggest that a review of these
standards is necessary to incorporate greater flexibility in furniture assignment, possibly
adopting adjustable systems that can be modified according to individual students” needs.

4.1. Practical Implications

The results of this study have relevant implications for the design and allocation
of school furniture in the European context. Firstly, it is clear that the variability in
anthropometric dimensions within the same school grade, both in Spain and Portu-
gal, requires a more personalized approach in the selection of furniture. Adaptable
furniture with various size options for chairs and desks is necessary to allow students
to maintain an ergonomically correct posture, thus reducing the risk of postural and
musculoskeletal problems.

Additionally, educational institutions and school furniture manufacturers should
reconsider the strategy of assigning furniture based solely on the height or chair size,
as these methods do not ensure precise correspondence between chair and desk sizes.
Implementing more comprehensive ergonomic assessment tools, which include various
anthropometric measurements, could significantly improve the suitability of the furniture
and its impact on students’ postural health. It would also be beneficial to introduce training
programs for teachers and administrative staff on ergonomic evaluation and the proper
use of anthropometric measurement instruments.

4.2. Limitations and Future Perspectives

This study, while rigorous, presents some limitations that must be considered when
interpreting the results. Firstly, the analysis focused on a sample of students from two
specific schools, one in Southern Galicia (Spain) and another in Northern Portugal. While
the findings provide valuable insights into the anthropometric characteristics and furniture
alignment of students in these locations, they may not be generalizable to the entire popu-
lations of Spain and Portugal or to other European populations. Cultural, socioeconomic,
and genetic differences, as well as variability in school furniture standards in other regions,
could influence the results. It would be advisable to replicate the study in a broader and
more diverse sample, including a multicenter approach to validate and expand upon
these findings.

Another limitation is the reliance on anthropometric measurements obtained at a
single point in time, which may not reflect changes in body dimensions throughout the
school year. Growth patterns, especially during adolescence, can vary over short periods,
affecting the validity of furniture recommendations based on these specific measurements.
Furthermore, other factors, such as the posture adopted by students while using the
furniture, were not analyzed, but these could impact their comfort and long-term health.

This study opens the door for several future research lines. Firstly, it would be in-
teresting to expand the analysis at the European level, comparing the morphological
asymmetries and the adequacy of school furniture in a broader context that includes
countries with different socioeconomic and cultural backgrounds. This would allow
for the evaluation of the effectiveness of the European school furniture catalog in dif-
ferent scenarios and establish recommendations that are more tailored to the reality of
each country.
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Additionally, longitudinal studies could be conducted to follow students over several
years to observe how their body dimensions and furniture needs vary during their devel-
opment. It would also be useful to investigate the relationship between the adequacy of
school furniture and academic outcomes, as well as its impact on the prevention of health
issues, such as back pain or postural asymmetries.

Finally, future research could focus on developing new tools and methodologies for
the ergonomic evaluation of school furniture that are accessible to both educational staff
and manufacturers, aiming to improve the accuracy in furniture allocation and optimize
the educational experience for students.

5. Conclusions

This study demonstrates that, due to the significant variability in the anthropometric
dimensions of students, it is not possible to standardize school furniture by grade level in
Spain and Portugal. Even separating students by sex does not make it feasible to apply a
single size for chairs or desks, highlighting the need for more adaptable and personalized
furniture for each grade.

Furthermore, the system that assigns furniture solely based on height, or that links
the size of the desk to that of the chair, proves ineffective. The mismatch between these
two pieces of furniture indicates that the European catalog of chairs and desks by size does
not meet the real needs of students.

Therefore, it is essential to adopt a more comprehensive approach that considers
various anthropometric measurements to ensure an appropriate ergonomic posture. This
will not only enhance the educational experience but also help to prevent long-term postural
and health problems.

Finally, this study emphasizes the importance of continuing such research in other
European populations and developing more accessible tools that allow for the estimation
of suitable furniture without relying exclusively on the student’s height.
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Abstract: Children with hemiplegic cerebral palsy (hemi-CP) frequently experience deficits in dy-
namic balance, a crucial factor influencing gait function. This imbalance can manifest as temporal—-
spatial gait asymmetry, where movement patterns differ between the affected and less affected sides.
This study investigated how temporal-spatial gait asymmetries and dynamic balance are associated
in children with hemi-CP. Eighty-five children with hemi-CP (age: 13.27 & 1.72 years) were included.
The temporal (Alremporal) and spatial (Algpatial) gait asymmetry indices were, respectively, computed
with reference to the swing time and step length of affected and less affected sides, which were
collected through a 3D gait analysis. Measures of dynamic balance included the directional dynamic
limit-of-stability (D-LOSgjrectional) assessed across multiple directions (forward, rearward, affected,
and less affected) and the overall dynamic limit-of-stability (D-LOSyerqn) during static stance, in
addition to the heel-to-heel base of support (BOSH.io-11) during walking, the dynamic gait index
(DynGl), and the Timed Up and Down Stair (TUDS) test.The D-LOS ey, correlated negatively
with the temporal (r = —0.437, p < 0.001) and spatial (r = —0.279, p = 0.009) asymmetries. The
D-LOSgirectional (forward, rearward, affected, and less affected) correlated negatively with temporal
asymmetry (r ranged from —0.219 to —0.411, all p < 0.05), but only the D-LOSgj ectional Fearward
(r = —0.325, p = 0.002) and less affected (r = —0.216, p = 0.046) correlated with spatial asymmetry.
The BOSy.o-1 correlated positively with both temporal (r = 0.694, p < 0.001) and spatial (» = 0.503,
p < 0.001) asymmetries. The variation in D-LOSeran and BOSy.o-11 accounted for 19.1% and 48.2%,
respectively, of the variations in the temporal asymmetry and 7.8% and 25.3% of the variations in the
spatial asymmetry. The findings of this study suggest that dynamic balance control is related to the
magnitude of temporal-spatial gait asymmetries in children with hemi-CP. This evidence lays the
groundwork for further research into the mechanism linking gait asymmetry and dynamic balance,
potentially leading to a deeper understanding of these impairments, while also highlighting the need
for longitudinal studies with the inclusion of a broader population to enhance the generalizability of
the findings.

Keywords: cerebral palsy; gait symmetry index; gait analysis; dynamic balance control; base of support

1. Introduction

Cerebral palsy (CP) is a group of permanent disorders related to the development of
movement and posture, which results in activity limitations. These disorders arise from
non-progressive disturbances in the developing brain during the fetal or early infancy
stages. These motor disorders frequently coexist with sensory, perceptual, cognitive, and
behavioral disturbances in sensation, perception, cognition, as well as behavior, in addition
to epilepsy and secondary musculoskeletal issues [1]. The estimated prevalence rate of CP
in high-income countries is 2.1 per 1000 live newborns [2], while the exact rate in middle and
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low-income countries remains uncertain, but appears to be higher, with greater physical
disability [3]. Hemiplegic CP (hemi-CP) is a frequent type of CP in which motor deficits
are predominant on one side [4]. This type accounts for 33-39% of all CP occurrences [5].

Children with hemi-CP frequently present with distinctive gait deviations that hinder
their mobility and daily functioning. Winter’s classification categorizes these deviations
based on sagittal plane kinematics, each reflecting unique functional challenges. Type I
is marked as a “drop foot” during the swing phase, while Type II features a true equi-
nus due to spasticity of the gastrocnemius muscles. Type III presents a stiff knee gait
resulting from co-contraction of the hamstrings and quadriceps, and Type IV shows more
pronounced proximal involvement, resembling patterns seen in spastic diplegia [6]. A
thorough understanding of the interplay between these gait deviations and other clinical
impairments—such as muscle weakness, spasticity, restricted range of motion, loss of
selective motor control, and impaired balance control—is crucial. This knowledge can
guide clinicians in developing targeted management strategies that effectively address the
multifaceted challenges these children encounter.

Efficient and safe locomotion is the overriding objective of gait training in children
with hemi-CP [7,8]. Enhancing gait function ensures higher levels and diversity of activ-
ity / participation in their daily life [9,10]. Children with hemi-CD, even after rehabilitation,
continue to have spasticity, weakness, and abnormal patterns of muscle activation, all of
which have been shown to restrict children’s mobility and impede them from fully partici-
pating in daily activities [11]. In addition, children with hemi-CP experience a pronounced
asymmetry of body weight distribution between lower limbs during quiet standing. They
become more reliant on the less affected limb compensating for the weakness of the affected
side [12]. The propensity to keep the body weight shifted on the less affected limb is also
seen during ambulation [13-16]. As a consequence, children may evolve step-length and
limb-phasing asymmetries [17]. The ensuing asymmetries are specifically associated with
slow, inefficient walking and poor balance control [15,18].

Earlier research has sought to pinpoint key factors influencing gait asymmetry in
children with hemi-CP [19,20]. Several impairments, including spasticity, muscle weak-
ness/stiffness, and impaired proprioception, have been marked among the major determi-
nants of gait asymmetries [19]. The latest research suggested that in addition to kinematic
deviations of the affected lower limb [20], reduced balance capability during quiet standing
is associated with asymmetrical gait patterns [16,18]. Despite the fact that quiet standing
balance and gait are two distinct levels of motor functions, they have integrated control
mechanisms (i.e., they share some organizational principles, such as the control of the
center of mass and the frame of reference for their respective kinematic coordination).
Additionally, standing balance and gait have a number of associations and interdepen-
dencies at different CNS levels—that is, the afferent feedback serves as a mediator in the
relationship between balance and gait regulation and many neural pathways operate to
shape the pattern of CNS responses [21].

The foregoing analyses were limited to studying the relationship between static bal-
ance and gait asymmetries, where instead of using data from a computerized instrument,
the balance was determined by the degree of weight distribution towards the less affected
side or a clinical balance scale [16,22]. This, unlike dynamic balance data that are obtained
via computerized equipment, does not involve the dynamic limits of postural control—a
direction-specific shifting of the body weight (i.e., forward/rearward or the affected/less
affected side direction) during standing and/or dynamic balance control in functional
contexts such as walking and stair climbing. The earlier findings, therefore, may fall short
of fully explaining the link between gait asymmetries and dynamic balance.

A nuanced understanding of the relationship between multifarious balance metrics
and gait function is imperative to establish a credible rationale for targeted rehabilitation
strategies that enhance functional mobility [23], ultimately helping physical rehabilita-
tion practitioners make informed treatment decisions. Accordingly, this study sought to
determine whether an association exists between temporo-spatial gait asymmetries and
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dynamic balance control—both during standing and during walking—in a convenience
sample of children with hemi-CP. The initial hypothesis was that gait asymmetries would
be associated with reduced dynamic balance control.

2. Materials and Methods
2.1. Study Protocol and Ethics

This was an analytical inquiry undertaken between December 2019 and August 2021
at Biomechanics Laboratories (Gait/Motion Analysis Lab and Balance Assessment Lab) of
the Department of Physical Therapy at Prince Sattam Bin Abdulaziz University, Al-Kharj,
KSA. Participants and their parents/legal representatives were informed about the study’s
objective and procedures before joining the study and signing a written consent form. The
study protocol was approved by the Physical Therapy Research Ethics Committee at the
university (RHPT/0019/0040). Procedures conformed with the ethical guidelines of the
Declaration of Helsinki, which was released in 1975.

2.2. Participants

Participants were recruited via the Neurology/Physical Therapy departments of
four local hospitals in Riyadh/Al-Kharj, KSA. Attending clinicians who normally see
children with CP in the outpatient clinics of these hospitals were given a thorough ex-
planation of the study so that they could make appropriate referrals. Participants were
further screened for eligibility by the principal investigator, who had more than 20 years of
experience in pediatric physical therapy. Inclusion criteria were: (1) a pediatric neurologist-
verified hemi-CP diagnosis [24]; (2) age between 8-15 years (since walking behavior in this
age group tends to be biomechanically more consistent with the adult patterns) [19,25];
(3) motor function level I or II per the gross motor function classification system (GM-
FCS) [26], representing children with mild-to-moderate motor impairments who are ca-
pable of independent ambulation, which allows for investigation of gait asymmetry and
dynamic balance in more active and mobile group; (4) mild spasticity, that is, a spasticity
grade of 1 or 1+ on the modified Ashworth scale (MAS) [27]—assessed through hip adduc-
tors, knee extensors and flexors, and ankle plantar flexors—to minimize variability and
potential confounding factors associated with the more severe spasticity; and (5) adequate
mental capacity—this was verified if the children’s records contained pertinent evidence
proving normal intellectual function, if they were capable of perceiving, comprehending,
and following instructions effectively during screening, and if they were enrolled in regular
traditional school classes where they could focus, interact, and work collaboratively with
others. Exclusion criteria were neurolytic blocking agents in the past six months, corrective
musculoskeletal surgery through the past year, severe contractures, leg-length discrepancy,
and visual/auditory deficits.

Power Analysis and Sample Size Determination

The sample size was determined depending on a 95% confidence interval (95%CI:
0.275-0.646) for a Pearson correlation coefficient representing the relationship between
dynamic balance and temporal asymmetry index. These were obtained by analyzing data
from the first 12 observations. A sample size of 68 children was required to produce a two-
sided 95%CI with a width equal to 0.371 when the estimate of Pearson’s product-moment
correlation was (r = 0.482). However, this study collected data from 85 children, expecting
that ~20% of participants might be lost at random. The power analysis was performed
using the PASS software, v16.0.12 (NCSS, Kaysville, UT, USA).

2.3. Measurements

Each child participated in two measurement sessions held on two consecutive days.
The first session involved 3D gait analysis. The second session included a laboratory-based
assessment of dynamic balance, which utilized the Biodex Balance System to determine
both the directional and overall dynamic limits of postural stability. This was followed
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by an evaluation of clinical metrics related to dynamic balance, specifically the timed up
and down stairs test and dynamic gait index. A 15- to 20-min rest period was incorporated
between these measurements.

2.3.1. Computation of Gait Asymmetry

The 3D VICON MX motion-capture system (Oxford Metrics Ltd., Oxford, UK) was
used to collect gait data at a 1200 Hz sampling frequency. Twelve near-infrared cameras
(4-megapixel resolution, maximum speed of 370 frames/second) were employed to track
17 light-reflective markers during walking in a 3D coordinate system within a 1.5 mm spatial
displacement error. The system was calibrated, and the projection area was tuned as part of
the measurement preparation. Markers were affixed to the skin overlaying particular bone
landmarks, as previously outlined [20,28]. Participants were instructed to walk barefoot
five times along a 10-m walking route at a comfortable pace. Data were processed using the
VICON Polygon software (v4.3.2). To minimize the acceleration and deceleration effects,
three usable gait cycles were picked up from the middle of the walking route. The average
temporo-spatial gait parameters were computed. The spatial asymmetry index (Alspatial)
was computed for the step length of the affected (StepLarr) and less affected (StepLyegs-AFF)
sides as follows: Alspatial = abs [(StepLapr — StepLiess-arr)/[(StepLarpr + StepLiess-arr)]-
The temporal asymmetry index (Altemporal) Was computed for the swing times of the
affected (SwingT opp) and less affected (SwingTess-arr) sides as follows: Altemporal = abs
[(SwingT app — SWingTLess-Arr)/ [(SWIngTarr + SwingTy ess-arr)] [22]. Higher values mean
more asymmetrical patterns, and a value of “zero” denotes symmetrical patterns [19,20].

2.3.2. Quantification of Dynamic Balance

The dynamic limit of stability (D-LOS) during static stance was quantified using the
Biodex balance system (Biodex Medical Systems, Shirley, NY, USA). The D-LOS designates
the maximum excursion of the center of gravity (COG) that children were deliberately
able to cover in different directions through the base of support (BOS) without stepping or
losing balance. In the D-LOS test, the transfer of the COG to intercept eight consecutive
targets arising randomly at intervals of 45° around the center of pressure was assessed in
terms of timing and accuracy. These targets, according to the manufacturer, emerge at 50%
of the maximum possible COG excursion, which depends on each child’s height.

Participants stood on the balance plate in a natural stance, barefoot, with their feet
hip-width apart and their arms at their sides. Then, they were directed to lean their bodies
to the furthest extent to move the COG (represented by a cursor on a display panel) toward
a target, and then to return to the center before the next target was displayed. Children
were taught to perform the test as accurately and quickly as was feasible while maintaining
a straight body and employing their ankles as key axes of movement. Throughout the
test, children were observed by the assessor to ensure that the motions were dominant at
their ankles and there were no wide segmental motions at the trunk, hip, or knee. If the
test revealed noticeably increased COG trajectories (the biomechanical expression of large
segmental motion), it was repeated to make sure of the correct execution of the test without
segmental motions. Once the eight targets had been accomplished, the test was terminated.
Three trials were allowed, and the average score was recorded. For the purpose of this
study, the D-LOSgjyectional (the average directional control score for the forward, rearward,
affected, and less affected directions only) and the D-LOSyeran Were used for statistical
computations. Higher D-LOS scores indicate better dynamic balance control. Below are the
algorithms for computing the D-LOSgirectional and D-LOSqyeran scores [14,29,30].

Rectilinear distance to target

D-LOSg; ecti %) =
directional (%) Entire distance covered

x 100

D-LOSgveran (%) = Zij(D — LOSgirectional Score) =+ 4 (Mean of four targets)
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In addition, the heel-to-heel BOS (BOSH.0-1; the perpendicular distance between the
heel center of one footfall at the affected side and the progression line formed by two
footfalls on the less affected side) [30,31], as one of the variables measured through gait
analysis, was employed to assess the ability to maintain dynamic balance during walking.
A larger BOSyy.to-1 value indicates a lower dynamic balance competence.

2.3.3. Clinical Metrics of Dynamic Balance

The dynamic gait index (DynGI) was used to evaluate the dynamic balance control
and risk of falling while walking. It is a valid, performance-based, and simple-to-use
instrument for assessing the children’s potential to modify their balance, not only during
habitual steady-state walking but also for walking during more challenging tasks (i.e., in
the presence of external demands), in children from 8 to 15 years old [32]. The DynGI
is composed of eight items that are assessed on a four-point ordinal scale (0-3, with
0 representing severe impairment and 3 indicating normal performance). The DynGI
items include the following: leveled-surface walking, walking pace change, horizontal
and vertical head turns, stepping over and around obstacles, walking and pivot turns, and
stepping up/down stairs. The maximum DynGI score is 24, which indicates that the child
is able to walk safely [32].

Another clinical metric for assessing dynamic balance capabilities was the Timed
Up and Down Stairs (TUDS) test. The TUDS test has been demonstrated to be valid and
reliable in children with typical development and children with CP whose motor function
is classified as level I or II on the GMFCS [33]. The test was conducted on a flight of stairs
with 14 steps (each measuring 20 cm in height). For testing, children stood up 30 cm away
from the bottom step. They were then instructed to climb up the stairs as quickly as they
felt safe, turn around a mark on the top of the stairs, and go all the way downstairs until
both feet hit the starting point. Children were free to use any stair-climbing strategy they
wanted (examples of these are, skipping steps, running up the stairs, using a step-to or
foot-over-foot sequence, or others), but were advised to face the moving direction (that is;
to face up and down as they traverse the steps, rather than to the side). They were given a
signal “ready, 1, 2, 3, and go”. The tests were conducted while wearing shoes, but not lower
limb orthotics. The time (second) between the “go” signal and the landing was measured
through a stopwatch. Shorter times suggest a higher performance level.

2.4. Data Analysis

The NCSS Statistical Program for Windows, version 11.0.13 (NCSS Statistical Soft-
ware©, Kaysville, UT, USA) was used for all statistical analyses, and GraphPad PRISM 9
(GraphPad Software Inc.; San Diego, CA, USA) was used for graph generation. The evi-
dence against the null hypothesis was indicated by a p-value of 0.05 or lower. Descriptive
statistics (mean & StDev and min/max observations) were computed to provide a com-
prehensive overview of the key characteristics. The Pearson correlation coefficient was
used to characterize the degree/direction of the relationship between dynamic balance and
temporo-spatial gait asymmetries. Linear regression analysis was performed to determine
how dynamic balance affected gait asymmetries.

3. Results

Eighty-five children completed the required measurements, and their data were in-
cluded in the analysis. Demographic and clinical characteristics of the participating children
are outlined in Table 1, whereas the descriptive statistics related to gait and dynamic balance
measurements are summarized in Table 2.
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Table 1. Characteristics (demographic, anthropometric, and clinical) of the participating children.

Variables Values Min-Max
Age, years 13.27 £1.72 8-15
Gender (boys/girls), n (%) 54 (63.5)/31 (36.5) NA
Height, m 1.39 + 0.10 1.19-1.61
Weight, Kg 41.87 + 6.53 30-61
BML. Kg/m2 2141 +1.34 18.97-24.13
Side affected (RT/LT), n (%) 39 (45.9)/46 (54.1) NA
Spasticity per MAS (1/1+), n (%) 48 (56.5)/37 (43.5) NA
GMFCS level (1/11), 1 (%) 57 (67.1)/28 (32.9) NA
L“(so‘;;t/ MalDev site (C/SC/C+SC), 19 2 3y /56 (65.9)/10 (11.8) NA

L“(S(}/ﬂ)t type (WMI/GMI/B-MalDev), o5 5 4y 123 (27.1)/9 (10.6) NA

AFO use (yes/no), n (%) 29 (34.1)/56 (65.9) NA

Age, height, weight, and BMI are shown as mean =+ standard deviation. Other variables are listed as frequency
(percentage). Abbreviations: RT/LT: right/left side, MAS: Modified Ashworth Scale, GMFCS: gross motor
function classification system, MalDev: maldevelopment, C: cortical, SC: subcortical, WMI: white matter insult,
GMI: grey matter insult, B-MalDev: brain maldevelopment, AFO: ankle—foot orthosis, NA: not applicable.

Table 2. The temporo-spatial gait parameters, asymmetry indices, and dynamic balance variables in
the participating children.

95% LCL, UCL for

Variable Mean =+ StDev Min-Max p-Value
Mean
Temporo-Spatial Gait Parameters
Walking speed, cm/s 92.13 + 15.25 88.84-95.42 48.11-120.42 NA
StepL. cm Affected 0.62 + 0.05 0.61-0.63 0.48-0.71 <0.001 **
P Less affected 0.49 £ 0.04 0.48-0.50 0.39-0.57 ’
. Affected 0.49 £+ 0.06 0.47-0.50 0.34-0.64
Swingl, s Less affected 0.38 + 0.05 0.37-0.39 0.29-0.51 <0001
s Algpaii 0.11 £ 0.04 0.10-0.12 0.03-0.19 NA
A ind Spatial
sym. mhdices Alfemporal 0.12 + 0.05 0.11-0.13 0.01-0.23 NA
Dynamic balance measures
D-LOSgirectional Forward 43.88 4+ 5.46 42.70-45.10 27-58 NA
Rearward 4251 +6.21 41.17-43.85 28-54 NA
Affected 46.76 + 8.04 45.03-48.50 27-65 NA
Less affected 54.68 + 6.32 53.32-56.05 41-68 NA
D-LOS,yverall 46.96 £ 4.25 46.04-47.87 34-59 NA
BOS}y-t0.11, CM 17.31 + 4.69 16.24-18.38 6.51-26.50 NA
DynGI 18.67 £2.12 18.21-19.13 14-22 NA
TUDS, s 17.12 £4.55 16.14-18.10 8.5-27.4 NA

Abbreviations: StepL: step length, SwingT: swing time, Asym: asymmetry, AlSpatial: spatial asymmetry index,
AlTemporal: temporal asymmetry index, D-LOS: dynamic limit of stability, BOSH-to-H: heel-to-heel base of
support, DynGI: dynamic gait index, TUDS: timed up and down stair test, NA: not applicable. StDev: standard
deviation, LCL: lower confidence limit, UCL: upper confidence limit, p-value indicates the difference between
affected and non-affected sides, ** significant at p < 0.01.

The analysis uncovered a significant negative correlation between the Algpati, and
some measures of the D-LOSgiyectional, Specifically the rearward [r = —0.325; p = 0.002] and
less affected direction [r = —0.216; p = 0.046] and the D-LOSyerqn [r = —0.279; p = 0.009].
Furthermore, there was a significant positive correlation between Alsp,atia and BOSp.to-11
[r=0.503; p < 0.001] and TUDS duration [r = 0.265; p = 0.014] and a negative correlation
between Algpatia) and DynGlI [r = —0.280; p = 0.009] (Table 3).
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Table 3. Associations between dynamic balance metrics and temporo-spatial gait asymmetry indices.

AISpatial AITemporal

r (95%CI) p-Value  r(95%CI) p-Value
D-LOS4irectional
Forward —0.204 (0.009, —0.399) 0.059 -0.219 (-0.007, —0.411) 0.043 *
Rearward -0.325 (-0.119, —0.501) 0.002**  -0.411 (-0.216, —0.572) <0.001 **
Affected side -0.028 (0.185, —0.239) 0.797 -0.272 (-0.062, —0.456) 0.012*
Less affected side ~ -0.216 (-0.119, —0.501) 0.046 * -0.243 (-0.031, —0.432) 0.025*
D-LOS,yyerall ~0.279 (-0.003, —0.409)  0.009**  —0.437 (-0.245, —0.592)  <0.001 **
BOSH-to-H 0.503 (0.323, 0.645) <0.001 **  0.694 (0.563, 0.791) <0.001 **
DynGI -0.280 (-0.071, —0.463) 0.009 **  -0.297 (-0.089, —0.478) 0.006 **
TUDS 0.265 (0.055, 0.451) 0.014* 0.214 (0.001, 0.406) 0.049 *

Abbreviations: AlSpatial: spatial asymmetry index, AlTemporal: temporal asymmetry index, D-LOS: dy-
namic limit of stability, BOSH-to-H: heel-to-heel base of support, DynGI: dynamic gait index, TUDS:
timed up and down stair test, r: Pearson correlation coefficient, CI: confidence intervals. * Significant at
p < 0.05, ** significant at p < 0.01.

A significant negative correlation was observed between Alremporal and all measures
of the D-LOSgjrectional [forward: r = —0.219; p = 0.043, rearward: r = —0.411; p < 0.001,
affected: r = —0.272; p = 0.012, and less affected direction: r = —0.243; p = 0.025], as well as
the D-LOSyeran [r = —0.437; p < 0.001]. There was also a significant positive correlation
between the Altemporal and the BOSy. -1 [ = 0.694; p <0.001] and TUDS duration [r = 0.214;
p = 0.049], as well as a negative correlation between Altemporal and DynGl [r = —0.297;
p = 0.006] (Table 3).

The estimated change in Alsp,at, per unit change in D-LOSgyeran was —0.0024. The
D-LOSgyeran accounted for ~7.8% of variations in the Algpatial (R? = 0.0776). The value of
Alspatial when the D-LOS;yeran was zero was 0.2250. The straight-line equation relating
Alspatial and D-LOSyerann was estimated as: Algpatial = (0.2250) + (—0.0024) D-LOSyeran
(Figure 1a). The analysis also revealed that the estimated change in Alsp,atia per unit change
in BOSy.to-1 was 0.0038. The proportion of variation in Alspatial that can be explained by the
variation in BOSy.o.;1 was ~25.3% (R? = 0.2533). The value of Algpatial when the BOSy_o-4
was zero was 0.0448. The straight-line equation relating Alspatia1 and D-LOSgyeran was
estimated as: Algpatial = (0.0448) + (0.0038) BOSp.t0-11 (Figure 1b).

a b
0.25+ r=-0.219; p =0.009 0.25+ r=10.503; p <0.001
Mlggatial = {0.2250) + (~0.0024) D-LOS eralt Alspatial = (0.0448) +(0.0038) BOSy. 1.4
0.20 0.20+
,75 0.15 Z—'.' 0.15-
] 1]
: &
< 0.10- < 0.101
0.05- 0.05
0-00 1 1 1 0-00 1 1 1
30 40 50 60 0 10 20 30
D'Loscvera“ (%) BOSH.tn.H (tm)

Figure 1. The regression lines relating spatial gait asymmetry index (Alspatial) to the overall dynamic
limit of stability (D-LOSgyeran) and heel-to-heel base of support (BOSp.to-11). The continuous line
depicts the mean slope of the group-derived regression line while the dotted lines represent the
standard error of the mean regression line.
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The estimated change in Alremporal per unit change in D-LOS,yerann was —0.0050. The
D-LOSyeran accounted for ~19.1% of variations in the Altemporal (R? = 0.1909). The y-
intercept, the value of Altemporal When the D-LOSqyeran is zero, was 0.3582. The regression-
line equation relating Altemporal and D-LOSgyeran Was estimated as: Altemporar = (0.3582) +
(-0.0050) D-LOSgyeran (Figure 2a). The estimated change in Altemporal per unit change in
BOSy1-to-11 was 0.0069. The proportion of variation in Alfemporal that could be explained
by the variation in BOSy.i.1 was ~48.2% (R? = 0.4821). The value of Alfemporal When
the BOSpy.to-1 was zero was 0.0036. The regression-line equation relating Altemporal and
BOSp.to-11 was estimated as: Altemporal = (0.0036) + 0.0069) BOSyy.t0-11 (Figure 2b).

30

0.30- r=-0.437; p<0.001 0.30- r=0.694; p<0.001
0.25- Abemporal = (0.3582) + (~0.0050) D-LOSgyera 0.25- Altempora = (0.0036) + (0.0069) BOSy.4,.1
o [ ]
3 0.20+ 3 0.20+
& &
E 0.15- E 0.151
- -
< 010 < 0.10-
0.054 0.05-
(]
0.00 T T 1 0.00 . T T 1
30 40 50 60 0 10 20
D'loscverau (%) BOSH.to.H ((ITI)

Figure 2. The trend lines relating temporal gait asymmetry index (Alemporal) to the overall dynamic
limit of stability (D-LOSgyeran) and heel-to-heel base of support (BOSy.to-11). The continuous line
depicts the mean slope of the group-derived regression line while the dotted lines represent the
standard error of the mean regression line.

4. Discussion

The fundamental objective of the current work was to determine if an association
existed between the proficiency of dynamic balance control (on standing and during walk-
ing) and the asymmetry patterns of gait (spatial and temporal) in children with hemi-CP.
The most evident finding to emerge from this analytical study is that the dynamic balance
control in a static stance or during walking is significantly related to the magnitude of
temporo-spatial asymmetries of gait. More specifically, higher D-LOS scores (i.e., shift-
ing body weight in different directions more efficiently) during static stance, narrower
BOSH.t0-p distance during walking, lower DynGlI score, and shorter TUDS duration are
associated with the more symmetrical patterns. These findings substantiate the initial
hypothesis that gait asymmetries are intricately related to diminished dynamic balance
control in children with hemi-CP.

It is generally recognized that children with hemi-CP have variable degrees of pos-
tural control and balance impairments, which are key elements of locomotor issues [34].
However, no research exists exploring the relationship between dynamic balance and
temporospatial gait asymmetries. Children with hemi-CP tend preferentially to support
more body weight on the less affected lower limb while standing and during walking [12].
This differential loading resulted in decreased balance control of the affected limb and
was intrinsically linked to the deteriorated temporo-spatial asymmetries of gait in such a
patient population [16,17].
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The current findings revealed that temporal gait asymmetry decreases among chil-
dren who have a greater capacity for adjusting their COG within a fixed BOS in both
forward /rearward and affected /less affected side directions without losing their balance.
Children with hemi-CP mostly have trouble shifting their weight toward the affected
lower limb, resulting in more instability during the stance phase, and leading eventually
to a shorter swing phase on the less affected side [12,16,18]. Nevertheless, the capacity
to transfer body weight in antero-posterior and lateral directions involves the affected
side’s direction and permits further stance stability during walking; therefore, the less
affected lower limb’s swing phase is lengthened and temporal asymmetry is diminished.
These findings are further corroborated by the evidence from a preceding analysis which
pointed out that an augmented weight-bearing capability of the affected limb promotes the
enhancement of the swing time symmetry [35].

It has also been observed, surprisingly, that spatial gait asymmetry is lower in children
who are able to shift their COG than it is in children who are unable to shift their COG
toward specific directions (rearward or less affected sides” direction) rather than others.
Seemingly, different factors like ankle plantar flexors’ spasticity, plantar and dorsiflexors’
swing trajectory contribution, and kinematic deviations of the lower limbs have greater
associations with the spatial asymmetry of gait (although not directly measured in this
study) and play even more important roles in determining the spatial asymmetry patterns
than the ability to maintain dynamic balance (just as body weight shifting) [19,20]. The
plantar flexor spasticity brings on further instability during the stance phase and inefficient
weight support on the affected limb. Therefore, children with hemi-CP are likely to reduce
the StepL css-arp in comparison with the StepLaprp [19]. Insufficient strength of the ankle
joint muscles could be linked to the shortened StepLapp. The ankle dorsiflexors prevent
foot dragging along the ground and inhibit premature foot contact [36], therefore extending
the StepL directly, whereas the plantar flexors act during the pre-swing phase to lengthen
the StepL by creating the ground reaction force [36,37]. Thus, factors that directly influence
the StepL, like the spasticity of the plantar flexors and the strength of the dorsi and plantar
flexors, have stronger associations with the spatial asymmetry of gait than dynamic balance
control during static standing [19].

The current study determined that the temporo-spatial gait asymmetries decreased
in children who exhibited narrower BOSyy.¢,-p distributions, greater DynGlI scores, and
shorter TUDS durations. That is, children with more proficient dynamic balance func-
tions were capable of walking within a narrow BOS and navigating stairs more quickly,
implying that they were able to effectively maintain their balance during either walking or
performance of other locomotor activities by shifting their COG in all forward /rearward
and affected /less affected directions. These findings are in accordance with prior studies
on adults with post-stroke hemiplegia, which found that patients who experience more
temporo-spatial gait asymmetries walk with a wider step, which is linked to decreased
balance competencies [30,38].

4.1. Study Merits and Literature Contribution

This study constitutes a groundbreaking investigation into the complex interplay
between temporo-spatial gait asymmetries and dynamic balance control specifically within
the context of the pediatric population with hemi-CP. To the author’s knowledge, it rep-
resents the first comprehensive exploration of this critical relationship, thereby offering
novel insights and contributing significantly to the existing body of literature. While
previous studies have examined these variables independently [13,34,39—41], the findings
demonstrated herein underscore the interrelatedness of the gait mechanics and balance,
highlighting that impaired dynamic balance can significantly impact the pattern of gait
symmetry. Additionally, this study utilized a relatively large sample and a high power
(95%), crucial elements that allow for the detection of smaller but meaningful relationships
and significantly enhance the reliability and validity of the findings. Moreover, the current
findings advocate for the implementation of integrated assessment approaches in clinical
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practice, where both gait asymmetries and dynamic balance deficits are evaluated concur-
rently. This holistic perspective is essential for informing targeted therapeutic interventions
that address both aspects simultaneously.

4.2. Study Limitations

Despite the significance of the findings demonstrated herein, certain limitations may
apply to their generalizability. The paucity of comparable results is one source of un-
certainty. Therefore, further research into the relationship between gait symmetry and
dynamic balance control in children with hemi-CP would contribute to developing a
higher level of precision in this issue. The study included children whose brain insult/mal-
development site was heterogeneous (i.e., cortical, subcortical, or a combination of both),
and temporo-spatial parameters of gait might differ from one another. Therefore, studies
with larger samples stratified by the brain insult/mal-development site are warranted to
affirm or disprove the current findings. The study analyzed data from children within the
8-15 years age bracket. So, the question of whether children with hemi-CP in younger or
older age groups would have similar outcomes remains unanswered, and this could be a
starting point for further analyses in the future. A note of caution is also due here since
the sample was restricted to children with mild spasticity (i.e., level 1 or 1+ on the MAS),
which may make the findings less generalizable to all children with hemi-CP, especially as
some of those children could have more spasticity in at least some of the joints (hamstrings,
rectus, or gastrocnemius) in the lower extremities. Therefore, additional work is required to
confirm the viability of the current findings for children with higher spasticity. The current
findings should also be interpreted with caution given the fact that some children (about
1/3) were assessed for gait and dynamic balance barefoot, although they occasionally wore
an ankle—foot orthosis. In future investigations, it might be possible to collect/analyze data
with and without the use of orthosis, thereby drawing a more definitive conclusion. Since
no reference values exist for the dynamic balance measures employed in the present study,
it was not possible to indicate what was expected from children aged 8-15 and functioning
at GMFCS level I or II; this could, therefore, be a line of inquiry for upcoming studies.
Finally, the proprioceptive function was not considered when children were selected to
join the study. Gait asymmetries have been observed to worsen with increasing degrees of
position-sense error [13]. Thus, forthcoming research should consider this factor, thereby
providing more definitive evidence.

4.3. Clinical and Research Implications

The study’s findings on the relationship between gait asymmetry and dynamic bal-
ance can guide clinicians and physical rehabilitation practitioners in developing targeted
therapeutic interventions. An in-depth understanding of specific gait patterns that correlate
with balance deficits would help therapists create individualized rehabilitation programs
that address both aspects simultaneously, enhancing overall mobility outcomes. Further,
the insights from this study can lead to the establishment of standardized assessment
protocols that evaluate gait asymmetry and dynamic balance, allowing for more accurate
monitoring of patient progress and timely adjustments to the treatment plans. Further-
more, identifying specific gait asymmetries that predispose children to balance issues also
enables the implementation of preventive strategies, ensuring early intervention before
more significant mobility challenges arise.

This study also provides a foundation for future research to explore the underlying
mechanisms linking gait asymmetry and dynamic balance in greater depth. Elucidation of
these mechanisms could lead to the design of targeted interventions that address identified
deficits. Prospective cohort studies could facilitate the monitoring of gait asymmetry and
dynamic balance, contributing to a better understanding of the long-term trajectory of
these impairments in children with hemiplegic cerebral palsy. Longitudinal studies are also
warranted on how changes in gait asymmetry and dynamic balance evolve with various
interventions, offering insights into their effectiveness and long-term impact. Additionally,
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expanding the research to include broader populations with varying severity levels of
hemiplegic cerebral palsy would enhance the generalizability of the findings, informing
more inclusive guidelines.

5. Conclusions

This study highlights a relationship between the magnitude of temporal-spatial gait
asymmetry and dynamic balance control in children with hemi-CP. Generally, children
exhibiting greater dynamic balance control tend to demonstrate more symmetrical patterns.
Specifically, the D-LOSgirectional data suggest that increasing difficulties in shifting weight
toward the affected limb are associated with increased gait asymmetries. However, the
observed correlations were weak to moderate, suggesting that while these relationships
were notable, they warrant further investigations to fully understand the complexities
involved, particularly how dynamic balance control impacts gait symmetry in this popula-
tion. Future investigations are, therefore, recommended to delve into the causal pathway
linking gait asymmetry and dynamic balance, as this could deepen our understanding of
their interplay in children with hemi-CP.
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Abstract: This study investigated the factors that influence core muscle endurance, i.e., the symmetry
of frontal core motion during indoor walking and cycling, the symmetry of lateral core muscle
endurance, the symmetry of the hip abductor strength, the weekly workout time and fast walking
and cycling speeds, while controlling for gender. Seventy-nine healthy young adults participated
in this study. In a regression analysis, the core muscle endurance time was the dependent variable.
The independent variables were the symmetry of frontal core motion (measured using a wireless
earbud sensor during walking and cycling), the symmetry of side plank time and of hip abductor
strength, the weekly workout time and fast walking and cycling speeds. In the multiple regression
analysis, weekly workout time, fast walking speed, symmetry of frontal core motion during fast
cycling and symmetry of lateral side plank time predicted core muscle endurance (adjusted RZ =0.42).
Thus, clinicians and fitness personnel should consider the association of core muscle endurance with
the symmetry of frontal core motion during cycling and the symmetry of side plank holding time,
as well as with the weekly workout time and a fast walking speed, when designing core muscle
exercise programmes.

Keywords: core muscle endurance; cycling; home workout; symmetry; walking

1. Introduction

The body’s core consists of the trunk, pelvic and hip regions, and these components
form a kinetic chain with the extremities [1,2]. A better core performance results in a
better sport performance, including a longer throwing distance and higher running speeds,
as well as less injury, back pain and urinary incontinence [3-5]. Core performance has
been evaluated using core muscle endurance tests, such as plank tests, to pre-screen for
injuries of the lower extremities and to prescribe exercise programmes [6,7]. However, the
measurement of the core muscle endurance time requires considerable effort and time, as
well as a trained tester [8]. A model was developed to predict the endurance time in the
performance of a side plank based on age, gender, body mass index and questionnaire-
assessed variables [8]. There was a gender difference in lateral trunk endurance time,
with males having greater holding times on both sides in side plank endurance tests than
females [9]. However, there was no gender difference in trunk flexor endurance time [9].

Based on previous regression and correlation analyses, the weekly workout time is
significantly associated with core muscle endurance; a longer weekly workout time had
a positive correlation with better core muscle endurance [10]. Core muscle endurance is
further related to the walking and indoor cycling speeds. Walking is the most popular
physical activity worldwide [11], and indoor cycling was also very popular during the
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COVID-19 pandemic worldwide [12]. Two studies showed that a core strengthening
exercise programme can lead to improved cycling speed in cyclists and improved walking
speed in patients with lumbar fusion, consistent with the association between core strength
and speed performance [13,14].

The symmetry of core motion and lateral core muscle performance are the goals of
rehabilitation during cycling and walking. Asymmetrical, increased lateral leaning of the
trunk in the indoor cycling test is associated with a reduced activation of the core mus-
culature, which increases the spinal load [15,16]. One study demonstrated asymmetrical
pelvic tilt and hip rotation during indoor cycling in individuals with lower back pain and
no leg length asymmetry, which was likely caused by a bilateral imbalance in the trunk
muscles [15]. Another study revealed the asymmetrical activation of the lumbar multifidus
in association with an asymmetrical lumbar rotation in the initial and final phases of indoor
cycling in cyclists with lower back pain compared to healthy cyclists [17]. Asymmetrical lat-
eral trunk leaning during walking has been also observed in people with knee osteoarthritis
and patellofemoral pain [18]. With respect to the lateral core musculature, the weakness of
the hip abductors may be related to asymmetrical lateral trunk leaning and pelvic drop
during walking, resulting in the Trendelenburg gait [19]. In addition, asymmetrical lateral
trunk leaning during walking affects the endurance of the lateral trunk muscles because
their compensatory activation can be induced by weak hip abductors, in turn inducing their
fatigue over time [20,21]. A prospective study also identified asymmetrical hip abduction
strength as a potential risk factor for lower extremity injury [22].

Although symmetry is a desirable goal, its relationship to core muscle endurance dur-
ing popular workouts, such as walking and cycling, or during performance tests, has yet to
be investigated. Thus, this study included variables related to symmetry while performing
workout activities, as well as previously identified variables, when investigating factors
associated with core muscle endurance. The purpose of this study was to investigate factors
that influence core muscle endurance, i.e., the symmetry of frontal core motion during
indoor walking and cycling, the symmetry of lateral core muscle endurance, the symmetry
of hip abductor strength, the weekly workout time, and indoor walking and cycling speeds,
while controlling for gender. We hypothesised that core muscle endurance would have
significant associations with the symmetry of core motion during cycling and walking, the
hip strength, the lateral core muscle endurance bilaterally, the weekly workout time and
the walking and cycling speeds.

2. Materials and Methods
2.1. Participants

This was a cross-sectional study with a convenience sample. The participants were
recruited through online social media advertisements and via posters placed around a
college campus and a local community in South Korea. The participants were interviewed
by the researchers to confirm they met the inclusion criteria, which were as follows: age
19-30 years, body mass index <25 kg/m? and good health with no reported history of
major physical discomfort or psychological symptoms that prevented their participation in
the tests. This latter criterion was assessed by the following questions: “Do you suffer from
any illness or injury of a physical or psychological nature that impairs your functioning in
everyday life?”; “Have you ever had one of the following diseases or symptoms diagnosed
by a doctor or self-reported: pregnancy, vertebral pathology (e.g., tumour, fracture or
infection), cancer, lumbar surgery, psychiatric diagnosis, balance impairment related to
dizziness, neurological disorder (e.g., spinal cord injury or central nervous system diseases),
or chronic pain in the lower back and lower extremities for at least 3 months during the past
year?”; and “Have you ever experienced discomfort while performing the plank or while
walking or cycling quickly?” Only the participants who answered “no” to all questions
were included in the study. All experimental procedures were explained prior to study
participation, and written consent forms were obtained from all participants. This study
was approved by the university’s institutional review board (jjIRB-210114-HR-2021-0113).
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2.2. Instruments
2.2.1. Strength Measurement System

A tensiometer (Smart KEMA pressure sensor; Factorial Holdings, Seoul, Korea) was
used to measure the isometric strength of the hip abductor. The tensiometer measured
65 x 83 x 28 mm and weighed 110 g. To measure hip abductor strength, a 5 cm wide
non-elastic strap was attached to the distal lower leg, with an absorber as a fixation point
for firm attachment to the floor in the side-lying position. The sampling frequency was
10 Hz. The data were transferred to a Galaxy tablet (A6 10.1; Samsung, Seoul, Korea) via
Bluetooth and analysed using Smart KEMA software (Factorial Holdings).

2.2.2. Wireless Earbud-Type IMU Sensor

Frontal core motion during walking and cycling was measured using a high-resolution
inertial measurement unit (IMU; BNOO080; CEVA Technologies, Rockville, MD., USA)
consisting of an accelerometer and a gyroscope embedded into a wireless earbud (QCY-T6;
Dongguan Hele Electronics Co., Ltd., Dongguan, China) that was worn on the participant’s
right side. The size and weight of the IMU sensor were 36 x 15 x 7.5 mm and 8.2 g,
respectively. The orientation of the accelerometer was aligned with the gravitational axis
corresponding to the standing position. The collected data were sent via Bluetooth to a
computer. The sampling rate was fixed at 100 Hz. The recorded data were used to estimate
the frontal core angle, calculated using Matlab (version R2018a; MathWorks, Natick, MA,
USA). Prior to the calculation, the accelerometer output was filtered through a low-pass
filter. Before the measurement was started, off calibration was performed automatically for
1's. During the calibration period, 100 data samples were collected while the participant
remained stationary.

2.3. Procedure

The experiments were conducted in a university laboratory in South Korea from
February 2021 to January 2022. The experimental procedure consisted of four sessions
that included the following: (1) baseline measurements and warm-up, (2) core muscle
endurance test, (3) hip abductor strength test and (4) speed and frontal core motion tests
during treadmill walking and indoor cycling. The experiment took about 80 min to
complete, and each session took 20 min. The sequence of the experimental procedures after
the warm-up was randomised using Excel (Microsoft Corp., Redmond, WA, USA), with
a passive rest between sessions to minimise the fatigue effects arising due to repetitive
exercising. The tests for strength, speed and frontal core motion were completed by one
examiner, who was blinded to the core muscle endurance test.

2.3.1. Baseline Measurements and Warm-up

Baseline information on demographic characteristics (gender, height, weight, body
mass index and weekly workout time) was collected. Each participant was asked to report
the total weekly workout time including the number of days a week and the duration of
each workout period [23]. Participants wore their own shoes and conducted a 5 min indoor
cycling session for the warm-up, followed by 5 min of passive rest.

2.3.2. Core Muscle Endurance Test

The participants’ core muscle endurance was assessed using the prone and side plank
tests, with the order randomised to minimise the fatigue effects. The endurance times from
the three plank tests (prone, left and right sides) were summed for data analysis [24]. In the
prone plank test, the participants were prone, with their elbows in contact with the ground,
such that the humerus was perpendicular to the horizontal plane, directly beneath the
shoulders. The elbows were spaced shoulder-width apart, and the feet were close together.
The participants were then instructed to raise the pelvis from the floor so that only the
forearms and toes were in contact with the floor, while the shoulders, hips and ankles were
maintained in a straight line (Figure 1a) [24]. In the side plank test, the participants lay on

76



Symmetry 2022, 14, 2333

their sides with their legs extended. The upper foot was placed in front of the lower foot
for support. Support was maintained using one elbow and one foot, and the hips were
raised up from the floor, with the maintenance of a straight line along the lateral sides of
the trunk and lower legs. The top arm was held across the chest with the hand placed on
the opposite shoulder (Figure 1b) [21,25]. During the plank tests, the participants were
asked to maintain the positions for as long as possible. The timer was stopped when the
participant could no longer maintain a straight line between the trunk and the hip. Each
plank test was performed once. To avoid muscle fatigue, a 5 min passive rest without any
recovery exercise was allowed between each plank test.

1 & -
(4 Grle.
Q -

e JL.‘A.““a\ i‘*‘» ‘ .

(a) (b)
Figure 1. Core muscle endurance tests: (a) prone plank test and (b) side plank test.

2.3.3. Hip Abductor Strength Test

The maximal isometric strength of the hip abductors was measured on each side using
a tensiometer with a non-elastic band (smart KEMA pressure sensor; Factorial Holdings
Co., Seoul, Korea), with participants lying on their sides. The pelvis was held to minimise
compensatory pelvic elevation and rotation during the test. The participants were asked to
extend the hip and knee on the tested side, with a 10° hip abduction. The hip and knee on
the non-tested side were flexed slightly. The duration of the contractions was 5 s, and each
contraction was repeated three times with a 30 s passive rest between repetitions. Both
sides were tested, with a 5 min passive rest before switching the side (Figure 2a) [26].

Figure 2. Symmetry tests: (a) symmetry of abductor strength in both hips; (b) symmetry of frontal
core motion using a wireless earbud sensor during indoor cycling at fast speed; and (c) symmetry of
frontal core motion using a wireless earbud sensor during treadmill walking at fast speed.
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2.3.4. Speed and Frontal Core Motion Tests during Treadmill Walking and Indoor Cycling

A wireless earbud-type IMU sensor was used in these tests because the wireless earbud
is a popular wearable device that is commonly used to listen to music during workouts
and because it is worn closer to the trunk than other popular wearable devices, such as
smartwatches [27]. The assessment of core motion in the frontal plane using an earbud-type
IMU sensor has been shown to be valid compared with the use of a 3D motion analysis
system, and the data correlate with trunk motion during home workout activities [27].
Frontal core motion data were collected during 60 s of walking or cycling.

Indoor Cycling at a Fast Speed

The participants cycled at a self-selected fast speed on an indoor stationary bicycle.
Each participant adjusted the cycle seat height to a comfortable position. Before data
collection, the participants were allowed 3 min to become familiar with the self-selected
fast speed. They were instructed to ‘cycle as fast as possible’ [28]. After a 60 s passive rest,
the participants cycled for 1 min. During cycling, they held the front handlebars with both
hands and fixed their gazes on the cycle’s speedometer (Figure 2b).

Treadmill Walking at a Fast Speed

The participants walked for 3 min on a treadmill to determine their self-selected fast
walking speed. The verbal instructions that they received were ‘walk as fast as possible
without running’. The participants switched the treadmill on and then gradually increased
the speed by 0.5 km/h until their fast walking speed was selected [28]. After 60 s of passive
rest, the participants walked on the treadmill for 1 min. While walking, they fixed their
gaze on the front tablet at eye level (Figure 2c).

2.4. Data Analysis

Regarding the frontal core motion data, the middle 50 s of the 60 s walk or cycle
were analysed, excluding the 5 s initial and final deceleration phases. A symmetry index
(SI) was used to quantify the asymmetry of the right and left sides for the side plank test,
hip abduction strength and frontal core motion during walking and cycling, using the
formula [29]:

Right side — Left side

Symmety Index = 100 — {100 x Right side + Left side

The SI was expressed as a percentage, with a value of 100 indicating absolute symmetry,
and lower values indicating greater asymmetry between the right and the left sides.

2.5. Statistical Analysis

All variables were summarised with standard descriptive statistics, including the
mean and standard deviation (SD). Normality was confirmed using the Shapiro-Wilk
test. Independent t-tests or the Mann-Whitney U test were used to compare the variables
between genders. Univariate regression analysis was used to examine the relationships
between core muscle endurance time and each independent variable. i.e., gender, weekly
workout time, fast walking and cycling speeds, Sls for hip abduction strength, side plank
endurance time and frontal core motion during fast walking and cycling. A multiple
regression analysis using stepwise selection was performed to determine which of the
following factors had the greatest influence on core muscle endurance time after adjusting
for gender: weekly workout time, fast walking and cycling speeds and SIs for hip abduction
strength, Sls for side plank endurance time and Sls for frontal core motion during fast
walking and cycling. All models were adjusted for gender. SPSS (version 25.0; IBM Corp.,
Armonk, NY, USA) was used for the statistical analyses. The alpha level was set to 0.05.
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3. Results

This study enrolled 79 healthy young adults (31 males and 48 females, mean + SD age,
21.80 =+ 2.78 years; body mass index, 21.42 + 2.11 kg/m?). Table 1 presents the participants’
characteristics and compares the variables between genders. The mean and SD for all
variables were significantly greater for males than for females (p < 0.05), except the SI for
frontal core motion during fast walking (p = 0.18). Table 2 provides the descriptive data for
the right and left sides obtained before calculating the SIs using the formula.

Table 1. Descriptive statistics for variables by gender and overall.

Variables Males (n = 31) Females (n = 48) Total (n = 79) p Value

Core muscle endurance time, s 260.81 + 63.29 185.99 + 81.99 215.35 + 83.33 0.01
Weekly workout time, min 365.32 + 195.48 235.46 + 264.56 286.40 + 246.87 0.01
Fast walking speed, km/h 6.42 +1.20 5.24 +1.02 5.70 £1.23 0.01
Fast cycling speed, km/h 39.87 £+ 3.87 35.61 4 4.32 37.28 + 4.63 0.01
SI * for the side plank endurance time, % 91.10 4 8.48 86.02 + 12.07 88.01 = 11.03 0.04
SI for hip abduction strength, % 94.49 4 3.55 91.65 + 5.83 92.76 + 5.23 0.04
Sl for frontal core motion during fast 79.18 + 18.40 70.25 + 24.52 73.75 + 22.62 0.18
walking speed, %

Sl for frontal core motion during fast 75.71 + 19.44 59.89 + 30.13 66.10 = 27.44 0.01
cycling speed, %

* SI, symmetry index. Values are presented as mean =+ SD.

Table 2. Descriptive data on both sides for the variables that were calculated using the symmetry index.

Variables Mean £ SD
Side plank endurance time (left/right), s 65.33 + 31.50/64.14 + 28.00
Hip abduction strength (left/right), kgf 11.44 +4.45/11.67 + 4.50
Frontal core motion during fast walking speed (left/right), ° 5.89 £3.30/5.91 £ 2.34
Frontal core motion during fast cycling speed (left/right), ° 12.30 + 18.30/12.51 + 11.79

Table 3 presents the results of the univariate linear regression analyses. Gender was
significantly associated with the core muscle endurance time. All other variables, except SI
for frontal core motion during fast walking, were also significantly associated with the core
muscle endurance time (Table 3).

Table 3. Results of univariate regression analyses with core muscle endurance.

Independent Variable B Coefficient * 95% CI P
Gender 74.82 40.29,109.35 0.00
Weekly workout time, min 0.16 0.09, 0.23 0.00
Fast walking speed, km/h 31.48 17.89, 45.07 0.00
Fast cycling speed, km/h 8.61 5.02,12.20 0.00
SI* for hip abduction strength, % 4.96 1.52, 8.40 0.01
SI for side plank endurance time, % 292 1.34,4.50 0.00
fvlaflfl rﬁg’;‘;i;orf motion during fast 0.62 —0.02,1.45 0.14
SI for frontal core motion during fast 0.94 0.29, 1.60 0.01

cycling speed, %

* 88 coefficient represents the estimated change in seconds in core muscle endurance time for 1 unit. change in the
independent variable. #g], symmetry index.
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Five models were built from the multiple stepwise regression analysis after adjusting
for gender. The final model explained 42% of the variance in core muscle endurance and in-
cluded four variables: weekly workout time, SI for the side plank endurance time, fast walk-
ing speed and SI for frontal core motion during fast cycling (Table 4). Three non-significant
variables were not included in the final model: fast cycling speed (3 Coefficient = 0.14,
p = 0.18), the SI for hip abduction strength (£ Coefficient = 0.14, p = 0.14) and the SI for
frontal core motion during fast walking speed (8 Coefficient = 0.01, p = 0.94).

Table 4. Results of stepwise multivariate regression analyses with core muscle endurance, adjusted

for gender.
Selected Variables in the Final Model R? AR? Standardized 8 * t p
Gender 0.16 1.54 0.13
Weekly workout time, min 0.33 3.61 0.00
SI* for the side plank endurance time, % 0.46 0.42 0.20 2.19 0.03
Fast walking speed, km/h 0.22 2.11 0.04
SI for frontal core motion during fast cycling speed, % 0.19 2.06 0.04

* Standardized £ coefficient represents the magnitude of the contribution that each predictor variable makes to
maximally predicting the core muscle endurance time in the regression model. #g, symmetry index.

4. Discussion

This study examined the associations between factors related to a home workout
setting and core muscle endurance and identified predictors of core muscle endurance with
adjustment for gender. Males had greater core muscle endurance, longer weekly workout
times, higher speeds, higher SIs for side plank endurance time and greater hip abduction
strength and frontal core motion during fast cycling than females (Table 1). A previous
study also demonstrated gender differences; specifically, males had better hip muscle
strength and core muscle endurance times [25]. In addition, univariate analyses showed
significant relationships between gender and all variables, except for the symmetry of core
motion during fast walking (Table 3). However, this gender difference did not remain after
adjusting for other covariates, indicating the major confounder of the gender—core muscle
endurance relationship (Table 4). In line with the current study, gender was a potential
confounder in a previous multiple regression analysis of factors influencing back muscle
endurance [10].

In the current study, symmetry of frontal core motion during fast cycling, symmetry of
the side plank endurance time, fast walking speed and weekly workout time accounted for
42% of the variance in core muscular endurance (Table 4). In a previous regression model,
perceived self-efficacy, sitting trunk angle, weekly workout time and duration of daily TV
use accounted for 15% of the variance in back muscle endurance [10]. In another study,
body mass index, fat mass and body fat percentage accounted for 29-37% of the variance
in core muscular endurance [30]. Our study included variables related to the symmetry
of core motion, symmetry of lateral core endurance and walking speed, which were not
considered as independent variables in the previous regression analysis. This increased the
power to predict core muscle endurance relative to previous studies.

The symmetry of frontal core motion during fast cycling (mean £ SD, 66.10 £ 27.44%)
contributed to core muscle endurance (mean + SD, 215.35 + 83.33 s) (Tables 1 and 4).
Among the cyclists (8 males and 10 females) participating in the previous study, asymmet-
rical lower lumbar rotation was observed at the initial and final phases of indoor cycling in
those with lower back pain compared with healthy cyclists [17]. Asymmetrical activation
of the multifidus in the lower lumbar region was also observed during indoor cycling in
cyclists with lower back pain [17]. Asymmetrical trunk motion in the frontal plane might
have occurred in association with asymmetrical core muscle activation in our study. Along
with asymmetrical trunk motion and core muscle activation, asymmetrical pedalling was
observed in non-professional and professional cyclists with low core stability and body
asymmetry, as measured using a functional movement screening test [31,32]. The above
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findings, together with those of the current study, indicate that core muscle endurance can
be predicted from the asymmetry of the trunk in the frontal plane during fast cycling.

The final regression model included the SI for side plank endurance time (Table 4).
This result means that the side plank symmetry contributed significantly to the core muscle
endurance time, in contrast to the findings of a previous study in which the symmetry
of the side plank endurance time was not determined [25]. The difference between these
studies is that the body was supported by the elbow and one foot in the latter [25] and
by the elbow and both feet, with the top foot placed in front of the lower foot to provide
additional support, in our study. In addition, the participants in the previous study were
healthy, physically active Navy cadets [25]. The weekly workout times of our participants
ranged from 0 to 1050 min (mean =+ SD, 286.40 + 246.87 min) and contributed significantly
to the core muscle endurance time (Tables 1 and 4). Previous regression and correlation
analyses support our finding that the weekly workout time is associated with core muscle
endurance; specifically, a longer weekly workout time had a positive correlation with core
muscle endurance [10]. Therefore, the symmetry of the side plank endurance time along
with the weekly workout time should be considered when assessing the core performance.

In a multiple regression analysis, fast walking speed was identified as a factor influ-
encing the core muscle endurance (Table 4). A previous study demonstrated that gradually
increasing the walking speed to 2, 3, 4, 5 and 6 km/h induced a greater activation of the
core muscles (the rectus abdominis and internal and external obliques), indicating that
greater core muscle contraction is necessary when the walking speed is increased [33].
The results of this and previous studies suggest that fast walking can be achieved with
the improvement of core performance [13,33]. Clinicians and sports trainers should thus
recommend fast walking to improve core muscle endurance.

The limitations of this study must be taken into account. First, the participants
were healthy and young. Whether the results of this study also apply to the core muscle
endurance of participants of different ages or with musculoskeletal disorders is unclear.
Second, both males and females were included in the current study, and there was a gender
difference in core muscle endurance time, among other variables. Although the regression
analysis was adjusted for gender, a future study should investigate the factors contributing
to core muscle endurance in each gender. Lastly, the study’s cross-sectional design hindered
the determination of whether an improvement in walking speed or the symmetry of frontal
core motion during cycling improves core muscle endurance.

5. Conclusions

This study showed that core muscle endurance times were related to fast walking
speed, weekly workout time, symmetry of frontal core motion during fast cycling and
symmetry of side plank endurance times. Given that symmetry, speed and weekly workout
time are associated with the core muscle endurance time, healthcare providers should
adequately evaluate the symmetry of frontal core motion during cycling and side plank
endurance in individuals who want to improve their core muscle endurance, as well as the
weekly workout time and fast walking speed.
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Abstract: This study aimed to (1) determine the magnitude and direction of asymmetry in volleyball
players, (2) establish asymmetry thresholds, and (3) explore differences depending on the test used
and the players’ category. Twenty-nine junior and senior male volleyball players were assessed
through a muscle asymmetry battery test: active knee extension test (AKE), single-leg countermove-
ment jump (SL-CM]), single-leg squat jump (SL-S]), triple hop test for distance (THTD), modified
20-yard shuttle run, Y-balance test, single-leg one-repetition maximum in leg press test (IRM-SL), and
lateral symmetry in radial muscle belly displacement through Tensiomyography in the biceps femoris
and rectus femoris. A two-way ANOVA alongside an individual analysis of asymmetry thresholds
was used to analyze the test and categorize the influence on the magnitude and the direction of
asymmetry. The IRM-SL, SL-S], and the lateral symmetry in radial muscle belly displacement showed
a clear asymmetry towards the non-dominant side, while the AKE, SL-CM], and THTD showed
an asymmetry towards the dominant side. The magnitude of the asymmetry was highly variable
between tests (1.46-30.26%). The individualized asymmetry thresholds revealed that the percentage
of asymmetrical players varied depending on the type of test used. In conclusion, the type of test
used determines the magnitude and direction of asymmetry in well-trained volleyball players.

Keywords: asymmetry thresholds; inter-limb differences; imbalance; volleyball

1. Introduction

Volleyball is a sport characterized by high-intensity short duration and explosive
actions with interspersed rest phases [1]. The dynamics of the game involve multiple actions
such as jumps, landings, sprints, and multi-directional movements, which emphasize the
importance of volleyball players’ neuromuscular system. The jump is one of the most
outstanding actions in the matches, which differs depending on a player’s position. Setters
can perform about 136 jumps per game, while middles, opposites and hitters around
97, 88 and 65 jumps respectively [2]. Therefore, it has been suggested that these athletes
require well-developed muscle power and speed [3].

Lateral dominance may result in asymmetries, which can be understood as differences
in strength, power, stiffness, or range of motion (ROM) between both sides of the player’s
body [4]. The typical high-intensity actions of team sports (i.e., changes of direction, jumps,
hitting, throwing) tend to have a one-sided appearance [5] which can lead to sport-specific
adaptions that may entail overloads of body structures [6] and a markedly asymmetric
force generations in lower limbs [7]. In volleyball, the jump take-off is performed with
one leg ahead depending on the volleyball player’s laterality, while the landing is pri-
marily performed one-legged in certain specific varieties of the attack [8-10]. In addition,
there are specific zones gestures such as blocks that are normally performed towards the
same side [11]. Thus, these repetitive actions in training and competitions can favor the
development of asymmetries in volleyball.

Lateral asymmetries have been studied in the scientific literature according to the
characteristics of the limbs. Some authors have referred to each leg as the dominant (DL)
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or non-dominant leg (NDL) [7], the strong or weak leg [12], or just the right and left
leg [13]. Yet, all report the inter-limb percentage difference. However, there does not seem
to be an absolute consensus on how much a greater or lesser asymmetry affects a player’s
performance. It has been pointed out that less asymmetry between extremities can improve
specific performance actions such as changes of direction [14] or jumping performance [15].
However, other authors have not found significant positive relations between having less
asymmetry and better performance [16]. In addition, the asymmetry of volleyball players
based on age has not yet been addressed. However, authors such as Loturco et al. [17] have
pointed out that the specific adaptations after years of sport specialization in high-level
athletes can create inter-limb imbalances.

In the last few years, a bilateral difference was considered as an asymmetry when
its magnitude exceeded 10-15% [12,18-20], based on the fact that this difference was
associated with a higher risk of injury [21]. However, no consensus has yet been reached
on the magnitude of the asymmetry, since this percentage is contemplated as an “arbitrary
threshold” which cannot be applied to all assessments nor all populations [22]. Therefore,
different procedures have been suggested to determine this percentage of asymmetry in
athletes [23]. On the one hand, using the formula mean + (0.2 x SD) [23], was able to
classify 42% of athletes with a “small to moderate” inter-limb asymmetry, while on the
other hand, applying the more conservative formula mean + (1.0 x DE between subjects),
only 16% of athletes were classified as asymmetrical, but with “high or extreme” limb
asymmetry. In the first formula, it has been suggested that multiplying 0.2 x SD in elite
team sports athletes produces the smallest worthwhile change [24] based on Cohen’s effect
size. Nevertheless, asymmetry should be individualized [16], as it rarely favors the same
limb in all tests [5,25], so it will allow coaches to use these thresholds as reference, criteria,
and normative data for specific populations and a variety of metrics and tests. However, to
be significant, it needs to be verified that its value of asymmetry (%) must be greater than
the coefficient of variation (CV) of the test [26].

The magnitude and direction of asymmetry in well-trained or professional volley-
ball players has been analyzed very little and has shown inconclusive findings. From a
technical point of view, the attack hit has been considered as an asymmetrical action [9],
since the forward leg supports most of the load [27]. However, no contralateral differences
in the lower limbs were found after assessing asymmetry through a bilateral isokinetic
test in German third league players [27] nor with a countermovement jump test (CM]J)
in the first Brazilian league [28]. Nevertheless, other authors have observed lower limb
asymmetries greater than 10% through a single-leg CM] (SL-CM]) test in players with 6 to
10 h training /week [29]. Yet, it is noted that “due to the multi-factorial nature of jumping
performance, individual parameters related to performance may not be consistently differ-
ent” [30]. In this sense, inter-limb differences are suggested to exist in volleyball players;
however, the direction of asymmetry appears highly variable depending on the test used
to evaluate the athlete [5].

These findings are still inconclusive, mainly due to the different tests that have been
performed, the performance level of the players, and the reference percentage to indi-
cate asymmetry. Therefore, it is essential to investigate the magnitude and direction of
asymmetry and the reference asymmetry thresholds for well-trained volleyball players
to correctly classify players with asymmetry issues. Likewise, it is crucial to establish the
differences in asymmetry depending on the test used and the player’s performance level
(juniors vs. seniors).

Thus, the aims of this study were to determine the magnitude and direction of asym-
metry in well-trained volleyball players and to establish asymmetry thresholds through a
specific asymmetry battery test for volleyball. Additionally, this study aims to determine the
differences in the magnitude and direction of asymmetry, as for the asymmetry thresholds,
depending on the tests used and the volleyball players’ category (juniors vs. seniors).
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2. Materials and Methods
2.1. Study Design

A comparative and cross-sectional study design has been used, following an associa-
tive strategy, to determine the direction and magnitude of lateral asymmetry in well-trained
volleyball players. The testing battery designed by Iglesias-Caamafio et al. [4,31] to assess
muscle asymmetry in volleyball was performed within the players’ competitive period.

To determine the magnitude and the direction of asymmetry, the bilateral
strength asymmetry (BSA) formula modified by Bishop et al. [5] was used:
([DL — NDL)/DL x 100] x IF(DL < NDL, 1, —1). This formula implements the excel IF
function that allows the monitoring of the direction of asymmetry without magnitude
variation issues (expressed in %). For this purpose, the attack jump (AJ) leg was chosen as
the DL (the left leg for all participants).

2.2. Participants

The sample was composed of 29 male volleyball players from the Spanish Superleague
2 (11 juniors and 18 seniors from different clubs) with a minimum of 8 h training/week and
9 years of volleyball practice experience. The players had an average age of 20.4 + 4.2 years
and an average height of 181 + 8.0 cm (Stadiometer Seca 213, Seca gmbh and co. kg.,
Hamburg, Germany). Players” body composition was analyzed through a bioelectrical
impedance scale (Tanita BC-601 Segment, Tanita Corporation, Tokyo, Japan), showing an
average 75.3 & 9.1 kg body mass, 12.4 + 5.2% body fat, and 67.9 + 9.8 kg muscle mass
(see Table 1). All players who volunteered to participate in the study signed an informed
consent form before data collection. Coaches and clubs’ directors were also informed
and approved the testing protocol. The research followed the ethical principles of the
Declaration of Helsinki (64 Ed. 2013) and was approved by the Ethics Research Committee
of the Faculty of Education and Sports Sciences of the University of Vigo (06-1019).

Table 1. Volleyball players’ characteristics based on category.

Category N Age (Years) Height (cm) Body Mass (kg) Body Fat (%) Muscle Mass (kg)
Junior 11 16.5 £ 0.52 179.6 = 8.6 73.0 £10.1 10.6 £ 4.1 61.8 +8.3
Senior 18 228 £3.6 1821+ 7.7 76.8 £85 13.6 £5.6 71.7 £ 9.0

2.3. Procedures

Before starting the testing protocol, all players carried out their usual warmup. First,
they performed 5 min of general mobility, followed by several body weight exercises, and
then ended with a free simulation of each test 3 min prior testing. The players made three
attempts in each test, retaining the best performance value for analysis [4].

2.3.1. Active Knee Extension (AKE)

The AKE test was used to assess players” hamstring flexibility symmetry. This test has
previously been described by Iglesias-Caamarfio et al. [4] and is based on angular measure-
ments. A digital goniometer (Baseline Absolute Axis 360°, Fabrication Enterprises, Inc.,
White Plains, NY, USA) was used to measure players’ knee extension with the hip fixed at
90° [32].

2.3.2. Single-Leg Countermovement Jump (SL-CM]J)

The SL-CM] test was performed on the Chronojump contact platform (Chronojump
Bosco-System®, Barcelona, Spain) following the protocol described by Thomas et al. [33].
Players’ preformed a single-leg jump with a free flexion angle, but during the entire jump,
their hands had to be fixed on the hips. Flight time (s) was retained for data analysis,
which was provided by the Chronojump software platform (v. 1.7.0 for Windows) as a
direct measure.
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2.3.3. Modified 20-Yard Shuttle Run (M-20Y)

The M-20Y test assessed the time spent by the players to cover 20 m with two turns
of 180°. The protocol of Sekulic et al. [34] was followed, but subtly modified to per-
form it unilaterally, varying the turning leg in each attempt as previously described
by Iglesias-Camaafio et al. [4] (Figure 1). Microgate polifemo photocells (Microgate Corpo-
ration, Bolzano, Italy, Software version 1.10.19.01) were used to measure the time to cover
the 20 m distance. Each player performed 6 attempts, 3 turns on the right leg (RL) and
3 turns on the left leg (LL), with 1 min break.

R

+—  5m

Figure 1. Modified 20-yard shuttle run.
2.3.4. Y-Balance Test (YBT)

The YBT was used to assess the players’ lower limbs dynamic balance symmetry using
the Y-Balance Test Kit™ (Functionalmovement.com, Danville, VA, USA). Prior to the test,
players’ lower limb lengths (cm) were measured from the anterior superior iliac crest to the
medial malleolus [35] by means of an anthropometric tape measure (Seca 203, Hamburg,
Germany). Once measured, the players were assessed following the protocol previously
described by Linek et al. [35] and Iglesias-Caamafio et al. [4,31].

2.3.5. Single-Leg One-Repetition Maximum in Leg Press (IRM-SL)

The 1RM-SL test has been used to establish players” maximal concentric strength
lateral symmetry. The players positioned themselves one-legged on a leg press ARTIS®
(TECHNOGYM®, Cesena, CF, Ttaly) and pushed the platform until a full knee extension
was reached. [31]. The test started with the hips aligned and at an initial 90° knee flexion.

2.3.6. Single-Leg Squat Jump (SL-SJ)

The SL-SJ test was used to establish the lateral symmetry of the players” explosive
strength. A single-leg vertical jump was performed, as previously described by Iglesias-
Caamanio et al. [31] in a MULTIPOWER® Smith machine (TECHNOGYM®, Cesena, CF, Italy).
The test started from a 90° knee flexion [36] at 50% of the player’s body weight. The average
propulsive velocity of the bar displacement (m/s) was determined through a linear encoder
(CHRONOJUMP Boscosystem®, Barcelona, Spain).

2.3.7. Triple Hop Test for Distance (THTD)

The THTD is a horizontal jumping test that consists of performing three consecutive
single-leg jumps with each leg aiming to achieve the longest possible length [18]. Players’
hands were fixed on the hips and the landing had to be balanced and firm, maintaining
the position for 2-3 s. The jump length was measured with a large-distance tape-measure
(Bellota 50022-30m, Bellota herramientas, s.l.u, Gipuzkoa, Spain) from the tip of the foot at
the starting line to the heel of the third landing.

2.3.8. Radial Muscle Displacement (Dm)

Tensiomyography (TMG) was used to measure players’ radial muscle belly displace-
ment of the biceps femoris (BF) and rectus femoris (RF). TMG assessments were performed
on both limbs following the protocol described by Garcia-Garcia et al. [37,38].

Radial muscle belly displacement was acquired using a digital displacement trans-
ducer (GK 30, Panoptik d.o.0., Ljubljana, Slovenia) set perpendicular to the thickest part
of the muscle belly following Perotto’s et al. [39] indications. The self-adhesive electrodes
(5 x 5 cm, Cefar-Compex Medical AB Co., Ltd., Malmo, Sweden) were placed symmetri-
cally at 5 cm from the sensor. An electrical stimulation was applied with a pulse duration of
1 ms and an initial current amplitude of 30 mA that was progressively increased in 10 mA
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steps until it reached 110 mA (maximal stimulator output). The electrical stimulus was
produced by a TMG-S2 (EMF-FURLAN & Co. d.o.0., Ljubljana, Slovenia) stimulator. The
percentage of lateral symmetry (LS) was calculated through algorithm (1), implemented by
the TMG-BMC Tensiomyography® software.

Ls — 01 min(TDr-TDI) 406 min(TCr-TCI) - min(TSr-TSI) 402 min(DMr-DMI)

“tmax(TDr-TDI) max(TCr-TCl) T max(TSr-Ts1) T % max(DMr-DMI)

2.4. Statistical Analyses

Adequacy sample size was calculated using G*Power v3.1.9.4 for Windows (Heinrich-
Heine-Universitdt Diisseldorf, Germany) based on an effect size of 1.10, an alpha error of
0.05, and a power of 0.95. The univariate Kolmogorov-Smirnov test in conjunction with the
Lilliefors test demonstrated the sample’s normality. The homoscedasticity assumption was
verified using Box’s M test for equivalence of covariance, followed by a Tukey’s HSD post
hoc test. Relative reliability was calculated through intraclass correlation coefficient (ICC)
analysis using single measurements, two-way mixed effects models, and absolute agree-
ment. The coefficient of variation (CV) was used as a measure of absolute reproducibility.
The influence on the magnitude and direction of asymmetry was examined by performing
a two-way ANOVA using a test factor (within subjects) and a category factor (between
subjects). Finally, an individual analysis of asymmetry was carried out establishing spe-
cific asymmetry thresholds following the formula %Asym + (0.2 x SD) [23] or the fixed
asymmetry thresholds commonly used in scientific literature (10-15% difference between
legs) [12,19]. Additionally, a two-way ANOVA was used to determine if the number of
volleyball players classified as “asymmetrical” was modulated by the asymmetry threshold
used and/or by the test. The effect sizes in the ANOVA two-way were reported as partial
eta squared measurements (npz) and interpreted as small (0.01), moderate (0.06), or large
(0.14) [40]. An alpha level of p < 0.05 was considered statistically significant. All data were
analyzed using SPSS v.24.0 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

Relative and absolute reliability values (ICC and CV respectively) were 0.92 and
2.2% for AKE, 0.89 and 3.1% for SL-CM]J, 0.77 and 2.5% for M-20Y, 0.93 and 2.6% for YBT,
0.87 and 13% for SL-SJ, 0.63 and 8.6% for THTD, and 0.98 and 3.8% for Dm.

The magnitude of asymmetry obtained by the volleyball players in each test based on
their level of performance is shown in Table 2.

The analysis of variance results indicated large significant differences between tests
when determining the magnitude of lateral asymmetry (F = 25.194; p = 0.001; np2 =0.476)
but not between categories (F = 0.1951; p = 0.164; npz = 0.008) nor in test x category
interaction (F = 0.961; p = 0.473; p? = 0.033).

The percentage of asymmetry calculated with the AKE was lower than with the SL-
CMJ (p = 0.001), the 1IRM-SL (p = 0.001), the SL-SJ (p = 0.001), the Dm of BF (p = 0.001), and
the Dm of RF (p = 0.001). This percentage with SL-CM] was of greater magnitude than the
AKE and M-20Y (p = 0.027) and lower than the Dm of BF (p = 0.001) and RF (p = 0.001).
The asymmetry detected with M-20Y was significantly lower than when using the SL-CM],
the 1IRM-SL (p = 0.003), the SL-SJ (p = 0.004), the Dm of BF (p = 0.001), and the Dm of
RF (p = 0.001). Along this same line, the YBT obtained less asymmetry than the 1IRM-SL
(p =0.004), SL-SJ (p = 0.007), Dm of BF (p = 0.001), and Dm of RF (p = 0.001).

The 1RM-SL obtained a greater asymmetry than the YTB (p = 0.004) and the THTD
(p = 0.024); however, it was lower than when the Dm of BF (p = 0.001) and the Dm of
RF (p = 0.001) were used. The percentage of asymmetry using the SL-S] was also greater
than with the YBT (p = 0.007) and the THTD (p = 0.037) but lower than with the Dm of
BF (p = 0.001) and with the Dm of RF (p = 0.001). For the THTD, a lower percentage of
lateral symmetry was obtained than the Dm of BF (p = 0.001) and Dm of RF (p = 0.001).
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Finally, the Dm of BF and the Dm of RF obtained a magnitude of asymmetry greater than
all other tests.

Table 2. Descriptive statistics of the magnitude of lateral asymmetry of the volleyball players.

Asymmetry
o, o,
Test Category Mean (%) SD IC 95% Threshold
Junior 2.859 2.374 1.638 4.079
AKE Senior 1.766 1.464 1.292 2.241
Total 2.098 1.838 1.606 2.590 2.46
Junior 9.636 4.567 1.709 20.981
SL-CM]J Senior 8.451 7.565 5.626 11.276
Total 8.559 7.300 5.970 11.147 8.93
Junior 1.469 1.148 1.382 4.320
M-20Y Senior 1.645 1.219 1.190 2.100
Total 1.629 1.197 1.205 2.053 1.87
Junior 4.904 3.230 3.243 6.565
YBT Senior 3.180 3.494 2.031 4.328
Total 3.713 3.479 2.772 4.653 441
Junior 9.627 8.775 2.291 16.963
1RM-SL Senior 13.319 3.847 8.542 18.097
Total 11.047 7.304 6.634 15.461 12.51
Junior 12.387 10.280 3.793 20.981
SL-SJ Senior 9.522 12.515 6.018 25.061
Total 11.285 10.768 4.778 17.792 22.25
Junior 4.056 3.760 1.367 6.746
THTD Senior 5.621 8.474 1.464 12.705
Total 4.751 6.139 1.698 7.804 5.98
Junior 29.804 24.110 13.607 46.001
Dm.BF Senior 20.997 11.919 9.974 32.021
Total 26.379 20.288 16.290 36.468 30.44
Junior 30.275 15.330 19.976 40.574
Dm.RF Senior 22.582 11.710 11.752 33.412
Total 27.283 14.196 20.224 34.343 30.12

AKE: active knee extension test, SL-CM]J: single-leg countermovement test, M-20Y: modified 20-yard shuttle run
test, YBT: Y-balance test, IRM-SL: single-leg one-repetition maximum test in leg press, SL-SJ: single-leg squat
jump test, THTD: triple hop test for distance, Dm.BF: radial muscle belly displacement of the biceps femoris,
Dm.RF: radial muscle belly displacement of the rectus femoris, SD: standard deviation.

The ANOVA results were similar to those shown previously in the analysis of the
magnitude (without the direction), finding moderately significant differences between tests
when determining the magnitude and direction of the lateral asymmetry (F = 1.961; p = 0.044;
np2 = 0.066), but not between categories (F = 0.297; p= 0.586; np2 =0.001). However, when we
analyzed the magnitude and the direction jointly, the interaction test x category (F = 2.499;
p = 0.009; np? = 0.083) indicated a moderately significant difference.

As can be seen in Figure 2, in the AKE, the SL-CM]J, and the THTD, the asymmetry
was towards the NDL in both categories (less performance in the right leg). The 1IRM-SL,
the SL-SJ, and the Dm of BF showed an asymmetry towards the DL (less performance in the
left leg). The M-20Y, the YBT, and the Dm of RF showed different orientations depending
on the evaluated category (junior vs. senior).

For the category X test interaction, a greater lateral asymmetry was found in the
seniors’ 1IRM-SL (—13.32% vs. —2.75%) and SL-SJ (—8.05% vs. —1.74%) and a greater
asymmetry in junior players was found in the Dm of BF (—15.86% vs. —3.99%) and the Dm
of RF (—18.24% vs. 6.89%).
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Figure 2. Magnitude of lateral asymmetry of the volleyball players obtained in each test. A positive
percentage indicates a direction of asymmetry towards the DL (left leg) and a negative percentage
indicates an asymmetry towards the NDL (right leg). *: Significant (p < 0.05); AKE: active knee
extension test; SL-CMJ: single-leg countermovement test; M-20Y: modified 20-yard shuttle run test;
YBT: Y-balance test; IRM-SL: single-leg one-repetition maximum test in leg press; SL-SJ: single-leg
squat jump test; THTD: triple hop test for distance; Dm.BF: radial muscle belly displacement of the
biceps femoris; Dm.RF: radial muscle belly displacement of the rectus femoris; DL: dominant leg,
NDL: non-dominant leg.

The individualized analysis for each player based on each test asymmetry thresh-
old, using (a) the specific asymmetry threshold formula or (b) the 10% fixed asymmetry
thresholds, shows that there are not any significant differences in the determination of
volleyball players’ lateral asymmetry (F = 0.015; p = 0.903; np? = 0.001). However, there
are significant differences in the determination of volleyball players’ lateral asymmetry in
the threshold X test interaction (F = 4.404; p = 0.004; np2 = 0.662) with a large effect size.
In addition, there are differences in test (F = 3.266; p = 0.018; npz =0.592) that also show a
large effect size.

Specifically, when using the specific asymmetry threshold formula, the percentage
of classified players as asymmetrical is between 15.38% for the SL-SJ test and 42.86% for
the YBT test. However, if the fixed threshold of 10% difference between limbs is used, the
percentage of asymmetrical players significantly varies between 0% (AKE and M-20Y tests)
and 88.89% (Dm of RF test).
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4. Discussion

Our main findings indicate that the type of test used determines the magnitude and
direction of asymmetry, and the asymmetry thresholds of well-trained volleyball players.
Furthermore, when analyzing a player’s category together with the test used, there is an
interaction that also influences the magnitude and direction of asymmetry. The 1IRM-SL,
SL-SJ, and Dm of BF showed a clear asymmetry towards the DL, that is, the left leg had an
less performance. In contrast, the AKE, SL-CM]J, and THTD showed asymmetry towards
the NDL, being the right leg, which had less performance. Very variable magnitudes of
asymmetry have been found between the tests that composed our battery (1.46-30.27%).
The individualized analysis using specific asymmetry thresholds again reveals that the type
of test performed modulates the percentage of players considered asymmetrical, ranging
between 15.38% in the SL-S] and 42.82% in the YBT. When using the 10% fixed threshold,
the values hover between 0% for the AKE and M-20Y tests and 88.89% for the Dm of RF.

The ICC and CV values obtained were good to excellent for all tests, except for THTD’s
relative reliability, which was moderate. This corroborates the good reliability of this battery
test that Iglesias-Caamafio et al. [4,31] had previously reported.

Overall, these findings are in line with those recently reported by Kozinc and Sarabon [41]
with young volleyball players. These authors also found a highly variable magnitude of
asymmetry (2.0-31.2%) among their wide battery tests. In addition, their magnitudes of
asymmetry were similar to ours in the tests that they had in common with our testing
battery (COD: 1.62 4= 1.19% vs. 2.02 £ 1.83%; SL-CM]J: 8.56 + 7.3% vs. 10.24 4 9.39%;
THTD: 4.7 5 + 6.14% vs. 4.3 &= 2.8%). Therefore, with due prudence these data could serve
as a reference of asymmetry for volleyball players.

Regarding the magnitude of asymmetry found in soccer players, it seems that the
asymmetry shown in well-trained volleyball players does not differ significantly through
an isokinetic test in concentric and eccentric contractions [42] nor those evaluated by a
unilateral 1IRM (9.9 & 7.2% vs. 11.04 £ 7.3%) [43]. Similarly, our volleyball players did
not differ from the asymmetry values revealed by recreational rugby and soccer play-
ers assessed through a SL-CMJ (7.2 = 6.1% vs. 8.56 & 7.3%) [25], nor those reported by
Meylan et al. [19] showing an asymmetry index of 6.0% in 30 team athletes. Along these
lines, our findings indicate similar values of asymmetry to netball players in COD tests [44],
although in a different test (505 agility test: 2.3 &= 2.3% vs. M-20Y 1.69 & 1.2%). In addition,
our findings in the YBT are in line with those of Ryu et al. [45] in professional baseball
players, finding no significant differences in the analysis of direction between DL and
NDL. However, volleyball players appear to have less asymmetry in active knee mobility
(AKE) than Gaelic football players [7], where they observed 5.5 & 4.8% asymmetry in their
570 players compared to the 2.1 £ 1.84% asymmetry observed in our 29 volleyball players.
These differences between volleyball and Gaelic football players may be due to their differ-
ences in the mechanical performance model, since volleyball players perform actions in
much smaller spaces with less pronounced changes of direction and in lower defensive
positions than Gaelic football players. Regarding the Dm of the BF and RF, it seems that
our volleyball players show higher values of inter-limb asymmetry (26.38 £ 20.29% and
27.28 £ 14.20%, respectively) than those reported in elite futsal players [46]. In contrast,
Rodriguez-Ruiz et al. [47] found no significant inter-limb differences in these parameters
in professional volleyball players, nor did Garcia-Garcia et al. [48] in professional soccer
players. However, the latter authors pointed out that these asymmetries can vary through-
out the soccer player’s season. Notwithstanding, asymmetry in these studies was not
calculated using an index, so these findings should be compared with caution. Therefore,
these differences between authors could be to a certain extent due to the methodological
differences in data collection to reach the maximum Dm, the different time of the season,
and the differences in the mechanical performance model (i.e., ball kick in soccer vs. futsal).

The determination of the magnitude together with the direction of asymmetry requires
a more in-depth analysis to be able to correctly interpret the findings. First, it is necessary
to establish an appropriate criterion to determine which is the DL of the athlete, as it will
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mark the direction of magnitude towards their DL or NDL in the evaluated task [5]. This is
because it seems that the dominance in limbs is rarely the same between different tasks,
as it has been suggested in recreational athletes [5] or between tests such as THTD and
CODs [16]. In these lines, our findings indicate that the 1RM-SL, SL-S], and Dm of the
BF show a clear asymmetry towards the DL, that is, the performance of the DL should
be improved to reduce asymmetry. This lateral asymmetry is possibly due to the need to
produce great levels of maximum strength in the 1IRM-SL and SL-S] and the high muscle
tone in the Dm of BF of the NDL. Nevertheless, the AKE, SL-CM]J, and THTD clearly show
an asymmetry towards the NDL, that is, the performance of the NDL should be improved
to reduce asymmetry. This lateral asymmetry is probably caused by the need to exert
explosive and reactive force during a greater ROM with the DL in the volleyball mechanical
model. In view of these circumstances, it seems advisable to determine the dominant limb
of each player for each test performed.

In relation to the magnitude and direction of asymmetry based on category, small
differences have been observed in terms of direction between categories. Tasks such as the
M-20Y showed asymmetry towards the NDL while the YBT and Dm of RF towards the DL
in seniors. Hence, it is possible that specific volleyball adaptions may create asymmetries
in lower limbs over the years. Therefore, the years of practice seem to influence an increase
in asymmetry in jumping and strength tasks (i.e., 1RM and SL-SJ); however, at younger
ages these differences seem to appear in muscle tone.

The limitations that arise in the interpretation of the magnitude and the magnitude and
direction of asymmetry analyzed together suggest that an individual approach is necessary
for each player to determine whether there is a lateral asymmetry. Traditionally, in the
scientific literature it has been suggested that an inter-limb difference of >10-15% implies
an asymmetry [49]. However, it has recently been pointed out that the threshold to
consider an athlete asymmetrical should be established based on the sample assessed
and the type of test carried out [5]. In fact, it has been suggested that the commonly
accepted >10% threshold for classifying individuals as asymmetrical should be reconsid-
ered and reinvestigated [41]. This individualization would allow those interested to really
determine in which motor skills the player is asymmetrical. Our findings indicate that
different results are obtained depending on the asymmetry criterion, whether using the
fixed asymmetry threshold of >10-15% inter-limb difference or the specific asymmetry
threshold for each category of athletes and each test carried out. For example, the AKE
test did not show asymmetries >10% for any player, but if we use the specific asymmetry
threshold considering the category and the test, 31.03% of the players would be classified
as asymmetrical. Similarly, Dos’Santos et al. [44] detected a 30% fraction of asymmetrical
athletes with a specific asymmetry threshold for the 505 agility test, while using the fixed
asymmetry threshold >10% only a 5% of athletes these were identified. In fact, Kozinc
and Sarabon [41] found no asymmetries in volleyball players when applying the fixed
asymmetry threshold (>10%) in two agility tests with 180° and 90° turns, as in our study
with the M-20Y. However, the number of asymmetrical players found in our study was
41.67% if we used that specific asymmetry threshold.

Several limitations must be considered when interpreting our findings. On the one
hand, the low number of volleyball players in our sample does not allow for reference data
to be collected. Therefore, a representative sample of volleyball players is needed to obtain
reference thresholds. On the other hand, the lack of female players in our sample limits our
findings only to male volleyball players, so it is undoubtedly necessary to address gender
differences in the future.

5. Conclusions

In conclusion, the type of test used determines the magnitude and direction of asym-
metry and the asymmetry thresholds of well-trained volleyball players. It seems necessary
to carry out a variety of specific volleyball tests that assess strength, power, agility, ROM,
balance, and especially, sport-specific technical gestures (such as the attack hit in volley-
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ball) to globally understand a player’s asymmetry. In addition, it also seems necessary to
establish an individual asymmetry analysis for each player based on a specific asymmetry
threshold for the athlete’s category and the test used. In this sense, reference values are
required for specific asymmetry thresholds to be able to classify the volleyball players.
This would help establish the necessary training strategies (strength, flexibility, etc.) to
improve the imbalance. Furthermore, this could be transferred to other sports through an
appropriate specific testing battery that includes tests that assess certain specific aspects
related to the performance factors of the sport in question.
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Abstract: An asymmetry in the prevalence of left-handedness vs. right-handedness in society has
supposedly resulted in negative frequency-dependent advantages for left-handers in interactive
sports. The aim of this study was to test whether these advantages apply to handball by examining
whether being left-handed is beneficial when executing 7 m shots, a highly unimanual movement.
All 1,625 7 m shots at the men’s 2016-2022 European championships were analyzed using a Bayesian
two-level analysis. While the results did not indicate that left-handers were more likely to score from
any single 7 m shot, left-handers were overrepresented among the designated shooters compared
to both the population as a whole (38% vs. 11.6%) and left-handers on any given handball team
(38% vs. 25%). The implication here was that handedness plays no role in the outcome of 7 m shots
at the world-class level, but handedness does appear to play a role in who becomes a world-class
7 m shooter.

Keywords: asymmetry; handball; laterality; negative frequency-dependent advantage; penalties;

throwing arm

1. Introduction

Approximately 10% of the world is left-handed, with some variations depending
on sex and context [1]. While being left-handed has been linked with negative health
outcomes [1,2], it has also been found to be surprisingly advantageous in sports [3,4]. The
innate characteristic appears to be especially advantageous in interactive sports where an
athlete must react to an incoming object, such as boxing, mixed martial arts, fencing, tennis,
cricket, and volleyball [3-5]. However, the degree of advantage appears to vary greatly
depending on various factors, resulting in a varying prevalence of left-handedness (as high
as 37-48% in judo and fencing, and as low as 13% in badminton and baseball [4]).

The mechanism believed to explain this tendency is generally referred to as the
negative frequency-dependent advantage [4]. It concerns the reduced ability to correctly
anticipate the actions of those who deviate from the expected norm. Most of the world
population is right-handed, so most of our learned perceptual expertise and a database
of knowledge is based on interactions with, and observations of, right-handers [4,6]. The
lower perceptual familiarity with the movement patterns of the relatively rarer left-handers
can therefore affect the visual information processes of the would-be opponents [7]. For
some reason, this advantage has been found to be greater when it comes to hands than
feet [8].

Handball makes for a particularly interesting context to study the negative frequency-
dependent advantage for two reasons. Firstly, the sport is highly unimanual and using
the less preferred arm is practically unheard of, in contrast to sports such as boxing,
mixed martial arts, and soccer that are more bimanual and -pedal. Secondly, left-handers
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have a distinct tactical advantage over right-handers on the right side of the court due to
the available shooting angles and the movement patterns required to create high-quality
goalscoring opportunities [9,10]. Being left-handed will therefore offer players an advantage
in terms of selection, resulting in an overrepresentation compared to the general public [9,10].
In fact, most teams aim to have two left-handers on the field at any given time and four
left-handers on the squad.

While handball is a relatively complex interactive sport, which makes studying nega-
tive frequency-dependent effects during regular gameplay difficult, the 7 m shot represents
a relatively controlled situation where two players duel against each other without direct
interference. The 7 m shot itself is an uncontested throw from the 7 m line, which is given
when a player is robbed of a clear goalscoring opportunity in an unauthorized manner. In
contrast to sports such as basketball and ice hockey, the fouled player is not required to
take the shot themselves. The shot type typically has a higher success rate than regular
gameplay [11], meaning that shooter selection should be carried out with deliberation.

As the 7 m line is placed centrally on the field, any angle-related advantages that
the players might otherwise have, irrespective of handedness, are wiped out. The best
7 m shooters on any given team should therefore, at least theoretically, be selected purely
based on performance and not for any tactical or strategic reasons. It is therefore quite
interesting that Lobinger et al. [12] found that 43% of successful 7 m shots at the 2010 men’s
European Championship were taken by left-handers. While no clear explanations were
offered, the ratio is in no proportion to the left-handers in the general population or those
on the handball field at any given time.

When attempting to save a 7 m shot, the goalkeeper is free to move between the 4 m
line and the goal line, with most goalkeepers opting to take a high position to reduce the
angle of the shot. Due to the proximity between the two opposing parties, the goalkeeper
will have to anticipate the shooter’s movements [13,14]. Reacting to the trajectory of the
ball in real time would be almost impossible, so the goalkeeper has to rely on various
subtle cues and kinematic knowledge to predict where the shooter is likely to place the
ball [14,15].

Previous research on goalkeepers and their efforts to anticipate the trajectory of
7 m throws has indicated that goalkeepers perform worse anticipating the throws of left-
handers compared to right-handers [7]. Interestingly, the goalkeepers’ gaze behavior and
response time were the same irrespective of handedness, indicating that the discrepancy is
due to problems categorizing or interpreting the information correctly [7,16]. This appears
to indicate that some kind of negative perceptual frequency effect is at play during 7 m
throws.

The aim of this study was therefore to examine (1) the prevalence of left-handed 7 m
shooters and (2) the relationship between handedness and scoring from 7 m shots. The
expectation was that left-handers would be overrepresented compared to both the general
population and the population of handball players, and that they would be more likely to
score from the 7 m line than their right-handed counterparts.

2. Methods
2.1. Procedure and Data

All 7 m shots at the four European championships for men between 2016 and 2022
were observed and logged into the official play-by-play match reports by representatives
from the European Handball Federation. A total of 185 different players from 27 teams
executed a total of 1625 7-m shots in 229 games (Mgpos = 7.1, SD = 2.86).

The identity of the shooter, the outcome of the shot, and the score at the time of the
7 m shot were retrieved from the play-by-play data. Player height was gathered using
the official webpage of the European handball federation and handedness was assessed
using information from the same webpage in addition to image and video searches. The
total number of 7 m shots during each game and the ratio between goals and misses were
cross-referenced with the official match reports from each game to validate the information.
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As the data that were used in this study are openly available online and are part of the
public domain, no ethical approval was needed, and informed consent was not obtained
from the players.

2.2. Statistical Analyses

Binomial tests of proportions were performed to determine whether left-handers were
overrepresented within the sample. In line with previous studies on negative frequency-
dependent advantages in interactive sports [17,18], the study sample was tested against a
conservative estimate of expected left-handed males in the population (11.6% [1]). Addi-
tionally, the number of left-handed 7 m shooters was compared to the actual prevalence of
left-handers at the four championships (25%; see Supplementary File S1).

The relationship between handedness and scoring from 7 m shots was analyzed using
a Bayesian two-level analysis in Mplus 8.4. To account for dependency within the data,
the outcomes of the 7 m shots (level one) were nested within the shooters (level two),
with handedness being included as a covariate on level two. The height of the shooter
and the goal difference at the time of the 7 m shot were controlled for on level one. If the
7 m shot had missing data on independent variables, it was excluded from this analysis,
giving a total of 158 players and 1,615 shots. A Monte Carlo simulation, following the
guidelines from Muthén and Muthén [19] was performed to determine sufficient power for
the study. Specifying small effect sizes for all estimated relationships between independent
and dependent variables, the results showed that 1,615 shots spread across 158 individual
shooters yielded sufficient power (Beta > 0.80) to detect an effect.

A Bayesian estimator was used for the two-level analysis (for a comparison between
the Bayesian estimator and the more traditional frequentist estimator, see Wagenmakers
et al. [20]) and Markov Chain Monte Carlo simulation procedures with a Gibbs sampler
with 200,000 iterations were performed. A potential scale-reduction factor of around 1
was used to indicate adequate convergence. Model fit was assessed using the posterior
predictive p (PPp) value and its accompanying 95% confidence interval [21]. Credibility
intervals (CI) were estimated for all parameters within the models. The null hypothesis
was rejected if the 95% CI did not include zero [22].

3. Results

Of the 1,625 7 m shots, 1,224 (75.3%) resulted in a goal and 2,401 (24.7%) resulted
in a miss. A total of 890 throws (54.8%) were performed with the right hand, while
735 throws (45.2%) were performed with the left hand. Out of the 158 different shooters,
98 were right-handed (62%), and 60 were left-handed (38%). The results of the binomial
tests of proportions indicated that left-handers were overrepresented compared to both the
general population (38% vs. 11.6%; p < 0.001) and handball teams in general (38% vs. 25%;
p <0.001).

The results from the Bayesian two-level analysis showed a good model fit to the data
(PPp =0.53, 95% CI = —10.99, 10.74). The included variables explained 0.5% of the variance
of scoring on level one and 3.4% on level two, respectively. Handedness had no credible
relationship with scoring (5 = 0.14, 95% Confidence Interval = —0.32, 0.59). The other two
covariates had no relationship with the likelihood of scoring.

4. Discussion

This study examined whether left-handed shooters were overrepresented as 7 m
shooters in men’s elite handball. While an overrepresentation of left-handers in handball
compared to the general population is to be expected, left-handed 7 m shooters were
also overrepresented compared to the prevalence of left-handers at the championships in
question. These results are in line with findings from other contexts, where left-handed
boxers, MMA fighters, fencers, and cricket bowlers have been found to be overrepresented
at both the elite and amateur level [3,5,23,24]. Congruent with the findings of Lobinger
et al. [12], almost half of the 7 m shots at the four championships were executed by left-
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handed shooters. This was disproportionate to the ratio of right- vs. left-handed 7 m
shooters at the four championships, indicating that left-handers take a disproportionate
number of 7 m shots compared to their right-handed counterparts.

While limited weight can be placed on anecdotal evidence, the last four tiebreaking
7 m shootouts at the highest level of handball (Champions League semi-final in 2014,
Champions League final in 2016, World Championship quarter-final in 2021 and Champions
League final in 2022) have also seen an overrepresentation of left-handed shooters. A total
of 16 out of the 38 (42%) 7 m shooters were left-handed (see Supplemental File S2), adding
further support to left-handers being overrepresented at the 7 m line at the elite level.

This study also aimed to determine whether left-handed players were more likely
to score from the 7 m line than their right-handed counterparts. In line with the findings
of Pollet et al. [17] and Dochtermann et al. [18], who did not find a relationship between
handedness and winning in the UFC when comparing the outcome of individual fights, no
relationship was found between handedness and goalscoring from the 7 m line. However,
both Loffing and Hagemann [25] and Richardson and Gilman [3] found evidence for left-
handed superiority by studying the population using a different methodology, where the
career record of fighters was compared instead of the outcome of any individual fight.

While negative frequency-dependent effects may explain the results of this study, an
alternative theory suggesting that left-handers possess innate abilities such as increased
neural processing speed and beneficial hormonal configuration that give them advantages
in sports has been proposed [4,26]. While the lack of evidence pointing to left-handed
advantages in non-invasive sports indicates limited evidence for this theory [4], mixed
and inconsistent results from previous studies that only partially confirm the existence
of negative frequency-dependent effects leave some researchers suggesting that innate
abilities may at the least play some role e.g., [17,27]. This perspective becomes even more
relevant in light of evidence that the advantages of negative frequency-dependency can
be ameliorated through training [28]. Even though a goalkeeper may have only trained
with and played against a handful of left-handed players during their early years in the
sport, their constant exposure to left-handed players, and their specific training against
left-handed shooters, at the top level should result in increased perceptual familiarity.

Due to the tactical advantages being left-handed offers handball players, left-handed
players have an edge when it comes to selection throughout their career (e.g., receiving
more playing time, getting into academies, and being more likely to receive a call-up to
regional and national training groups and teams [9,29]). However, that does not explain
why left-handers are so overrepresented at the 7 m line. If anything, left-handers should be
underrepresented when it comes to 7 m throws, at least from a purely logical perspective.
The tactical advantages that favor the selection of left-handers are wiped away at the 7 m
line, and the right-handed players on the roster, most of whom have had to outperform a
greater number of potential candidates to qualify for a spot on the team, would be expected
to have superior abilities [30]. However, Loffing et al. [7] found that left-handed players
are routinely overrepresented among the top scorers at international tournaments as well,
indicating that the advantages of being left-handed in handball may exceed the 7 m line.
This may be due to them getting more playing time throughout their career, as left-handers
are likely to have less competition for minutes on the field.

The number of 7 m shots any given 7 m shooter took across the four championships
varied greatly (from 1 to 64). This is natural as some players took part in all four champi-
onships while others only took part in one. Additionally, most teams have a designated
first-choice 7 m shooter that takes most of their 7 m shots. When that first-choice option
misses a 7 m shot, most teams opt for their second-choice shooter to take the next 7 m shot.
It is important to note that the second- and third-choice 7 m shooters are usually highly
proficient from the 7 m line, and most likely the first choice at their club team. Any 7 m
shot at this level will therefore be taken by a 7 m specialist.

While most studies on negative frequency-dependent advantage from the 7 m spot
have been simulated, the current study is based on actual 7 m shots at the world-class level

99



Symmetry 2022, 14, 2163

and therefore has high ecological validity. Even though important preliminary knowledge
can be gained from controlled simulated experiments, findings have varied depending on
the degree of ecological validity [31]. Although the data in the current study are reliable,
have high ecological validity, and adequate statistical power, the study design and limited
available information related to each 7 m shot constrained which possible covariates could
be accounted for. Variables such as shot speed, number of feints, and the time from the
referee’s whistle to the execution of the shot could therefore not be included in the study.

Future research should examine whether these trends apply to the same degree at
the amateur level, because previous research from other sporting contexts has found the
degree of negative frequency-dependent advantage to vary depending on proficiency
level [17,32]. Slight modifications to the methodology would also be recommended, as
analyzing the individual shooters’ records as opposed to analyzing every single 7 m shot
as a data point could lead to different results [3]. This would require a substantially larger
dataset. Examining whether these trends apply to female players would also be of interest,
as previous studies have indicated that both left-handedness and lateral biases may be
less pronounced among female players [1,5,32]. Finally, future research should address
whether left-handers have a scoring advantage during regular gameplay.

5. Conclusions

While the results of this study did not indicate that left-handers were more likely
to score from any single 7 m shot, left-handers were greatly overrepresented among the
designated shooters compared to both the population as a whole and the proportion of
left-handers on any given team. The implication here is that handedness does not appear
to play a role in the outcome of 7 m shots at the world-class level, but that handedness does
play a role in players becoming world-class 7 m shooters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sym14102163/s1, Supplemental File S1: An overview of handed-
ness at the 106-2022 European championships; Supplemental File S2: An overview of handedness in
7-meter shootouts at the world-class level.
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