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Abstract

Background
Balance is an important aspect of physical performance in taekwondo and can be affected by the high-
intensity, intermittent, and repetitive movements carried out during a competition. This study
investigated the effects of a taekwondo match-simulated fatigue protocol on static and dynamic balance
performance in trained female taekwondo athletes.

Methods
Eighteen trained female taekwondo athletes participated in a single-group repeated-measures study.
Static and dynamic single-leg balance was assessed on the dominant leg at rest and immediately after a
taekwondo-specific match-simulation protocol using the Biodex Balance System. The protocol
comprised three 2-minute rounds separated by 1-minute rest intervals. Balance performance was
evaluated using the Overall Stability Index, Anteroposterior Stability Index, and Mediolateral Stability
Index. Separate 2 × 2 repeated-measures ANOVAs were performed to examine the main effects of time
and balance condition and their interaction, with partial eta squared (η²�) reported as the effect-size
measure.

Results
No significant main effects of time or balance condition and no significant time × balance condition
interactions were found for the overall, anteroposterior, or mediolateral stability indices (p ≥ .149).

Conclusions
Under the present protocol and assessment conditions, no statistically significant changes in static or
dynamic single-leg balance performance were detected following the taekwondo match simulation.
These findings should be interpreted with caution due to the small sample size, the absence of a control
condition, and the lack of direct physiological or perceptual verification of fatigue.

Trial registration
The trial was retrospectively registered at ClinicalTrials.gov with registration number (NCT07747064)
and date (20260725).

Introduction
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Taekwondo is a modern Olympic combat sport that places substantial demands on physiological
systems and is characterized by highly intensive, short-duration, and intermittent activity patterns. The
sport involves dynamic technical and tactical actions that require considerable lower-limb flexibility, with
kicking constituting the primary offensive strategy and accounting for approximately 98% of all attacks
during a match [1, 2]. To execute and sustain these technical actions effectively, athletes must
demonstrate elevated levels of physical fitness components, including muscular strength, power,
flexibility, speed, and agility, to support movements such as kicking, punching, blocking, holding, pushing,
and footwork. Consequently, optimal performance in taekwondo relies on both technical and tactical
proficiency and the development of fitness components such as aerobic and anaerobic power, muscular
strength, muscular power, flexibility, speed, agility, and balance [3]. The ability to maintain postural
stability and control the center of gravity during rapid, complex movements is essential for executing
offensive throws while simultaneously resisting an opponent's counterattacks [4]. Although fatigue can
impair postural control, its effects may vary by direction of stability, with anteroposterior stability being
more susceptible to fatigue than mediolateral stability in taekwondo athletes [5].

Human balance is a multidimensional concept that refers to an individual’s ability to avoid falling. At the
same time, postural control encompasses the processes of maintaining, achieving, or restoring balance
during various postures or activities [6]. Balance is typically classified as either static, the capacity of the
body or a body segment to remain stable in a specific posture [7], or dynamic, the ability to regulate body
posture during movement [8]. Both static and dynamic balance are highly relevant in Taekwondo, where
athletes must continuously adjust their body position and distance from opponents through
multidirectional turning and stepping actions during both offensive and defensive maneuvers [3, 9].

Taekwondo kicking techniques often require athletes to maintain balance on a single supporting leg,
underscoring the importance of postural stability for effective kick execution [10]. Dynamic kicking
combinations demand strength, speed, stamina, flexibility, and coordination [11]. Inadequate postural
balance can result in whole-body instability, excessive loading of passive musculoskeletal structures,
and an increased risk of injuries and falls [10]. Roundhouse, spin roundhouse, side, and back kicks are
fundamental techniques frequently employed in taekwondo competition, where kicks constitute
approximately 80% of all techniques performed [12]. Due to the predominance of kicking, the strength
and energy demands on the lower extremities may lead to fatigue during training and competition, which,
in turn, can impair postural stability in taekwondo athletes [5]. Repeated high-intensity actions in
taekwondo primarily engage anaerobic metabolism, and the resulting intracellular accumulation of
hydrogen ions (H⁺) may contribute to muscular fatigue and diminished lower-extremity strength and
power [13, 14]. These effects may alter the hamstring-to-quadriceps strength ratio, as the hamstrings'
complex architecture, multi-joint function, and high proportion of fatigue-susceptible Type II fibers may
render them particularly vulnerable to fatigue [15, 16]. The literature further suggests that both the
absolute strength of the quadriceps and hamstring muscles and the balance between these muscle
groups are associated with performance in balance tasks [17].
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Taekwondo athletes often compete in four to five consecutive matches within a single day, with each
match comprising three 2-minute rounds separated by 1-minute rest intervals. This schedule results in
substantial cumulative physiological fatigue [2]. Lower-extremity muscle fatigue has been demonstrated
to transiently increase postural sway and impair postural stability [18]. This phenomenon is particularly
relevant in taekwondo, as the lower extremities represent the most frequently injured body region [19].
Furthermore, injury incidence has been reported to rise across rounds, from 7.5% in the first round to
43.1% in the second and 49.5% in the third, a trend attributed to fatigue [20]. Collectively, these findings
indicate that cumulative fatigue during competition may impair balance control and increase the risk of
injury.

Examining the effects of match-related fatigue on postural stability is essential due to its physiological
and performance implications. While previous research has demonstrated that fatigue impairs postural
stability in taekwondo athletes, one study utilized an incremental maximal Bruce treadmill test to induce
fatigue rather than a taekwondo-specific protocol [5]. This method does not accurately replicate the
repeated kicking actions and intermittent activity characteristic of taekwondo competition. To address
this limitation, Chuang et al. [2] developed a match-simulated protocol involving 10-second bouts of
maximal kicking alternated with 10-second periods of low-intensity bouncing. Employing a match-
simulated kicking protocol may therefore offer a more task-specific evaluation of the effects of fatigue
on postural stability. The primary objective of the present study was to investigate the effects of a
simulated taekwondo match on static and dynamic balance performance in female taekwondo athletes.

Methods and Materials

Participants
The study sample consisted of accessible female taekwondo athletes who met the inclusion criteria
during the research period and volunteered to participate in the study. For this reason, the sample size
was not determined in advance using a priori power analysis. Eighteen female taekwondo athletes
participated in a single-group repeated-measures study. All participants volunteered, possessed more
than three years of taekwondo experience, and were actively competing in official events. Based on the
classification framework by McKay et al. [21], these athletes were classified as Tier 2 (trained) due to
their consistent training and competitive backgrounds. Weight category was excluded as an analytical
variable. Data collection was conducted during the competition period to ensure that athletes were
engaged in official competitions. The mean age of participants was 18.9 ± 1.05 years, mean height was
165.6 ± 5.32 cm, mean body mass was 56.9 ± 5.06 kg, and mean body mass index (BMI) was 20.7 ± 1.24
kg/m².

Participants refrained from eating for at least one hour prior to testing and were permitted to consume
only water. None of the participants had a musculoskeletal injury or condition affecting lower extremity
function within three months preceding the study. All balance assessments included in the data analysis
were performed during the second visit within a single testing session. No adverse events were reported
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during either visit. Participants received information about the study procedures in advance and provided
written informed consent prior to participation. The study was approved by the Ethics Committee of the
Faculty of Sport Sciences at Selçuk University (Protocol No: 279, 11 December 2025, Konya, Turkey) and
was conducted in accordance with the Declaration of Helsinki. The study was retrospectively registered
at ClinicalTrials.gov (NCT07747064, on July 25, 2026).

Research Design
A single-group, two-visit repeated-measures design was employed in this study, with a 48-hour interval
between visits. The first session served to familiarize participants with the study procedures and balance
assessments. Practice trials of static and dynamic balance tests were conducted using the Biodex
Balance System (Biodex Medical Systems, Shirley, NY, USA); data from these trials were excluded from
analysis. During the second session, participants performed a five-minute warm-up consisting of low-
intensity bouncing and stretching exercises. Static and dynamic balance performance was then
assessed under rested conditions. All balance tests were conducted on the dominant leg, defined as the
leg preferred for kicking a ball. The sequence of static and dynamic balance tests was randomly
assigned for each participant and maintained before and after the exercise protocol. Following the
rested balance assessments, participants completed a taekwondo-specific match-simulated kicking
protocol adapted from Chuang et al. [2]. Balance testing commenced within one minute after completion
of the protocol, and these results were recorded as post-protocol balance values (Fig. 1). All
assessments were conducted between 09:00 and 11:00 under controlled environmental conditions
(temperature: 22–24°C; relative humidity: 50–55%). Device settings and test procedures remained
consistent throughout the study, and the same researcher performed all measurements. Rested and
post-protocol balance results were compared to evaluate acute changes in static and dynamic balance
following the taekwondo-specific match simulation. This study was conducted in accordance with the
CONSORT 2025 guidelines. The completed CONSORT checklist is provided as an additional file, and the
study flow chart is presented in Fig. 1.

Taekwondo-Specific Fatigue Protocol
The taekwondo-specific match-simulated kicking protocol, adapted from Chuang et al. [2], served as a
high-intensity, sport-specific exercise stimulus. Chuang et al. [2] documented elevated heart rate,
perceived exertion, and post-exercise blood lactate concentrations in elite taekwondo athletes during
this protocol. The protocol employed a single-match format comprising three 2-minute rounds, each
separated by a 1-minute rest period. The protocol took place in an 8 × 8-meter octagonal competition
area with a rubberized floor. Athletes wore standard competition equipment throughout the protocol.
During each 2-minute round, athletes performed consecutive sidekicks, reverse sidekicks, and
roundhouse kicks at maximal speed and effort for 10 seconds, followed by 10 seconds of active
recovery with low-intensity bouncing movements. This cycle of 10-second kicking and 10-second active
recovery was repeated throughout each round, maintaining a 1:1 work-to-recovery ratio. This protocol
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was chosen based on evidence that it elicits heart rate, blood lactate, and perceived exertion responses
similar to those observed during simulated taekwondo competition [2]. Additionally, its non-contact
design enabled athletes to perform high-intensity, taekwondo-specific kicking movements without direct
physical contact.

Static and Dynamic Balance Tests
The Biodex Balance System (Biodex Medical Systems Inc., Shirley, NY, USA) was employed to assess
participants’ static and dynamic balance performance. Balance was evaluated using a single-leg stance
test under two conditions: eyes-open (EO) and eyes-closed (EC). For the EO condition, platform stability
was set to level 5, whereas a static level was applied for the EC condition. The order of static and
dynamic balance assessments was randomized for each participant to minimize potential order effects.
All assessments were performed barefoot on the dominant lower extremity, defined as the foot the
participant preferred when kicking a ball.

Prior to testing, the optimal foot position for each participant was established using an adjustable
platform that enabled modification of the supporting foot's placement to maximize stability. This
position was recorded by the system and maintained throughout all testing sessions. During
assessments, participants stood on one leg with their arms folded across their chests. The non-
supporting leg was positioned away from the test leg without contact, with the hip aligned, slightly
abducted, and the knee flexed at 90 degrees. Each balance test lasted 20 seconds. The dynamic balance
test was performed with eyes open (EO), while the static balance test was conducted with eyes closed
(EC). For the dynamic balance test, participants focused on a fixed point located approximately 1 meter
ahead at eye level. To prevent visual feedback on performance, the device display remained concealed
during all measurements. Three familiarization trials were administered before data collection and were
excluded from analysis. Upon completion of each test, the system automatically calculated three
balance indices: the Overall Stability Index (OSI), the Anteroposterior Stability Index (APSI), and the
Mediolateral Stability Index (MLSI) [22]. Higher index values correspond to poorer balance performance
[23].

Statistical Analysis
The arithmetic mean ± standard deviation were calculated for the participants' physical and
demographic characteristics. The Shapiro–Wilk test was conducted to assess normality, and all
parameters were found to be normally distributed. In order to look at the effects of time (at rest as
compared with after fatigue) and of the balance condition (dynamic as opposed to static) on balance, a
separate 2×2 repeated-measures ANOVA (time × balance condition) was carried out for each balance
index. The effect sizes obtained from the ANOVA were given as partial eta squared (η²�) and were
interpreted as negligible (< .01), small (.01 to < .06), medium (.06 to < .14), or large (≥ .14) according to
Cohen's (1988) criteria [24]. All analyses were performed using SPSS version 27, and statistical
significance was set at p < 0.05.
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Results
Table 1 provides descriptive statistics (mean ± SD) for overall, anteroposterior, and mediolateral balance
parameters obtained from dynamic and static balance tests conducted under both resting and post-
fatigue conditions.

Table 1
Descriptive Statistics for Dynamic and Static Balance Parameters

Balance condition Parameter Resting

Mean ± SD

Post-fatigue

Mean ± SD

Dynamic balance Overall

Anteroposterior

Mediolateral

2.29 ± 0.72

1.71 ± 0.90

1.17 ± 0.43

2.06 ± 0.56

1.39 ± 0.45

1.19 ± 0.44

Static balance Overall

Anteroposterior

Mediolateral

2.29 ± 0.79

1.81 ± 0.82

1.22 ± 0.19

2.49 ± 0.67

1.82 ± 0.67

1.37 ± 0.36

Data presented as mean ± SD.

Table 2
Results of the 2 × 2 Repeated-Measures ANOVA for Balance Parameters

Parameter Effect F(1, 17) p η²�

Overall balance Time

Balance condition

Time × Balance condition

0.020

1.809

2.198

0.890

0.196

0.156

0.001

0.096

0.114

Anteroposterior balance Time

Balance condition

Time × Balance condition

0.998

2.280

1.152

0.332

0.149

0.298

0.055

0.118

0.063

Mediolateral balance Time

Balance condition

Time × Balance condition

1.098

1.135

0.809

0.309

0.302

0.381

0.061

0.063

0.045

Time = resting (pre-fatigue) and post-fatigue measurements; balance condition = dynamic and static
balance conditions; Time × balance condition = interaction effect indicating whether the change from
resting to post-fatigue differs between balance conditions; η²� = partial eta squared.
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Table 2 shows that repeated-measures ANOVAs did not reveal statistically significant main effects of
time, balance condition, or their interaction for overall balance (p = 0.890, p = 0.196, and p = 0.156,
respectively). No significant main effects of time or balance condition, nor a significant time by balance
condition interaction, were observed for anteroposterior balance (p = 0.332, p = 0.149, and p = 0.298,
respectively). Mediolateral balance also demonstrated no significant main effects or interaction effects
(p = 0.309, p = 0.302, and p = 0.381, respectively).

Figure 2 shows the individual and group-level responses obtained when going from the resting to the
post-fatigue states under both dynamic and static balance conditions. The thinner colored lines indicate
individual participants' responses, while the larger outlined circles, together with the error bars, show the
group means and 95% confidence intervals. The p values given above each panel relate to the separate 2
× 2 repeated-measures ANOVAs and reflect the main effects of time and balance condition as well as
the interaction between time and balance condition. For all the stability indices, no significant main
effects or interactions were found (p > .05).

Discussion
The primary objective of this study was to evaluate the effects of a simulated taekwondo match on
static and dynamic balance performance in female taekwondo athletes. The 2 × 2 repeated-measures
ANOVA indicated no significant main effects of time or balance condition, nor any interaction between
time and balance condition for any stability indices. These findings suggest no overall change in balance
performance from pre- to post-experiment and no difference between static and dynamic conditions.
This outcome contrasts with the findings of Erkmen et al. [22], who reported decreased balance
performance following prolonged exercise under specific experimental conditions. The absence of
significant time effects may be attributed to postural adaptations and compensatory mechanisms
developed through training, or to the specific type, intensity, and duration of the fatigue protocol
employed [25]. In conclusion, balance control did not exhibit a measurable decline under the match-
simulation protocol.

The lack of significant effects in the present study should not be taken as proof that exercise-induced
fatigue does not affect postural control. Meta-analytic evidence indicates that exercise-induced fatigue
typically leads to increased postural sway and a deterioration in postural control in healthy young adults.
However, the magnitude of these effects varies widely depending on the exercise protocol and the
postural task [26, 27]. The way in which post-exercise postural sway depends on the protocol and
characteristics of the balance task might account for the different results found in various studies [28].
When conditions differed from those in the present study, Hyun et al. [5] found that fatigue induced by an
incremental maximal treadmill test increased anteroposterior COP displacement, COP area, and dynamic
postural stability indices, while reducing vertical jump performance in taekwondo athletes. Match-
induced fatigue had a significant negative impact on both static and dynamic balance in elite young
female wrestlers [29]. Similarly, acute fatigue impaired dynamic balance, particularly the overall and
anteroposterior stability indices, in trained female judokas, whereas static balance was unaffected [4].
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Therefore, the lack of significant effects should be attributed to the specific protocol and task rather than
as evidence that balance is generally maintained in the presence of fatigue. In trained female taekwondo
athletes, the match-simulated kicking protocol produced no significant main effects of time or balance
condition, and no time × balance condition interactions, for the overall, anteroposterior, or mediolateral
stability indices measured during the single-leg Biodex tests 1 minute after exercise (Table 2). The
difference with the findings of Hyun et al. [5] may be due to methodological differences between their
treadmill-based fatigue protocol with force-plate measurements and our sport-specific kicking protocol,
as well as the use of Biodex stability indices. Along with the inconsistent results in wrestling and judo,
these results indicate that fatigue responses may be sport- and task-specific. Hence, the absence of
significant effects could be due to training-related compensatory strategies or to the limited sensitivity of
the selected measures in detecting subtle changes after fatigue.

The absence of significant time-related effects indicates that trained female taekwondo athletes were
able to maintain their single-leg balance performance after performing the match-simulated kicking
procedure. This result could be due to compensatory neuromuscular strategies, as global dynamic
balance performance remains unchanged even when muscle activation patterns change following
exercise [30]. The lack of significant fatigue-related effects in the current study is consistent with
findings that static and conventional dynamic balance indices do not change after karate-specific
fatigue. Nevertheless, some of the limits-of-stability measures did change, and the 10–30-minute delay
before the assessment may have affected the results [31]. Similarly, Özer (2019) found no significant
differences before and after fatigue in either the static or dynamic Biodex indices among elite male
Greco-Roman wrestlers. This implies that standard balance results may remain unaltered after certain
laboratory-based fatigue protocols in well-trained combat-sport athletes [32].

A possible explanation lies in the nature of the fatigue protocol. Even though the model created by
Chuang et al. [2] is specific to sport and is based on the timing of an Olympic taekwondo match, it is still
a non-contact simulation. It produced heart rate, lactate, and perceived exertion responses similar to
those seen in competition, but caused less muscle damage, inflammation, and catabolic stress.
Therefore, the results of the present study should be interpreted in the context of a competition-
structured protocol that may not fully replicate the physiological and contact-related demands of a real
taekwondo match. The current study used a sport-specific kicking model simulating a match, with the
structure following the timing of an Olympic bout [2]. Taekwondo consists of short periods of high-
intensity activity alternating with lower-intensity defensive actions, and regular training can enhance
dynamic balance in elite female athletes [33]. It is therefore possible that familiarity with these sport-
specific demands has contributed to the maintenance of the balance response, even though
compensatory mechanisms were not directly assessed. Despite the importance of investigating postural
responses under conditions that closely mimic the demands of a particular sport, sport-specific fatigue
protocols have been used sparingly [25]. A second explanation is that balance tests may react differently
when an individual is fatigued. Zech et al. [34] observed that fatigue increased static COP sway but had
no effect on dynamic SEBT performance, showing that static and dynamic tests evaluate different
aspects of postural control. A similar pattern has also been reported in trained female judokas, whose
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static balance did not change. In contrast, their dynamic balance, particularly the overall and
anteroposterior indices, declined following acute fatigue [4]. In contrast, the present study found no
significant main or interaction effects related to fatigue, which could indicate a protocol-specific
preservation of balance or limited sensitivity of the indices used to detect subtle changes after fatigue. A
third explanation is that the preservation of balance scores can coexist with changes in neuromuscular
control. Global dynamic balance may have remained unchanged despite decreased soleus activation,
with compensation due to increased stiffness [30]. People might also employ different neuromuscular
and kinematic strategies in response to fatigue [35], and local and general fatigue can lead to different
muscle activation and co-activation responses [36]. Hence, the maintained Biodex indices might indicate
successful compensation rather than the absence of fatigue-related effects, although this explanation
remains speculative, as neuromuscular activity was not measured.

The literature in this area indicates that fatigue can affect postural control via both peripheral and central
mechanisms. Possible factors include decreased force generation, altered proprioceptive input, impaired
mechanoreceptor function, hyperventilation, and disrupted central integration of sensory information [28,
37, 38]. Both localized and general fatigue can lead to different postural adjustments. Localized
neuromuscular fatigue appears to have a longer-lasting impact on postural control, possibly due to
altered proprioceptive feedback, whereas general fatigue tends to elicit only temporary compensatory
responses [36]. These mechanisms may be pertinent to taekwondo, as athletes often compete in four or
five matches in a single day, thereby incurring considerable physiological fatigue [33]. Furthermore,
competition injuries have been found to occur more often in the second and third rounds than in the first,
a situation which may be linked to fatigue [20]. It has also been demonstrated that taekwondo-specific
fatigue increases reaction time and reduces the impact of the roundhouse kick, indicating that sport-
specific performance can decline even though global balance indices do not change [39].

One of the main advantages of this study is that it employs a sport-specific, competition-based fatigue
protocol together with an assessment immediately after fatigue in trained female taekwondo athletes.
This approach helps counter the fact that sport-specific protocols have so far been used sparingly in
research examining exercise-induced changes in postural control [25]. It is also valuable to focus solely
on female athletes, as women have received little attention in this area of research and fatigue-related
balance and neuromuscular responses may vary between the sexes [37, 38].

The main limitations of this study were the relatively small sample size, which was not determined by an
a priori power analysis, the lack of a no-fatigue control condition, the assessment of only the dominant
leg, and the decision to conduct post-protocol testing only at the immediate recovery stage. The limited
sample size may have reduced the study’s statistical power, particularly in detecting small effects. Since
no physiological or perceptual indicators of fatigue—such as heart rate, blood lactate levels, or the rating
of perceived exertion—were recorded, it was not possible to verify the amount of fatigue caused in each
participant. Moreover, neither the menstrual cycle phase nor the use of hormonal contraceptives was
recorded or controlled, so their potential effects on variability in fatigue and balance responses could not
be evaluated [38]. Although the protocol mimicked the temporal pattern and the requirement for
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intermittent kicking associated with competition, the non-contact nature of the laboratory setting did not
fully capture opponent interaction, tactical decision-making, or psychological stress. Additionally, the use
of Biodex stability indices might have hindered the identification of minor neuromuscular or movement-
specific adaptations. As postural control disturbances can persist or change for 10 to 30 minutes after
exercise, a single assessment immediately after exercise may not adequately capture the full recovery
response [31, 40]. Future studies should include a larger number of female participants, introduce a no-
fatigue control condition, conduct bilateral testing, use both objective and perceptual measures of
fatigue, monitor menstrual cycles and contraceptive use, and make repeated assessments during the
recovery period. Combining balance indices with measures of neuromuscular function, inter-limb
asymmetry, and landing biomechanics could identify fatigue-related adaptations that standard balance
tests fail to detect [41, 42].

Conclusion
The present study found no statistically significant deterioration in single-leg static or dynamic balance
performance following a taekwondo match-simulation protocol in trained female taekwondo athletes.
No significant time-related effects or time × balance condition interactions were observed for the overall,
anteroposterior, or mediolateral stability indices. Under the current protocol and assessment conditions,
match-simulated fatigue did not result in measurable changes in Biodex balance performance. Future
research should incorporate objective fatigue verification alongside neuromuscular and biomechanical
assessments to clarify whether these findings reflect effective postural compensation or subtle
alterations that the stability indices employed fail to detect.
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Figure 1

Study Flowchart

Figure 2

Changes in the Overall Stability Index (A), Anteroposterior Stability Index (B), and Mediolateral Stability
Index (C) during dynamic and static balance tests under resting (pre-fatigue) and post-fatigue
conditions.
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