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Acute caffeine ingestion improves sport-specific and cognitive performance in elite badminton athletes
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Background: Caffeine, a widely used central nervous system stimulant, has been extensively studied for its potential to enhance exercise performance. However, systematic evaluations of its effects on badminton-specific performance remain limited, particularly in the domains of cognitive function and technical skills.

Purpose: This study aimed to evaluate the acute effects of caffeine ingestion on cognitive, physical, and technical performance in elite badminton players.

Methods: A randomized, double-blind, placebo-controlled crossover design was employed. Fifteen elite male badminton players holding a national first-class athlete certificate participated. Each ingested either caffeine (5 mg/kg body mass) or a placebo, followed by a 45-min absorption period and a 50-min standardized fatigue protocol. Participants then completed badminton-specific performance tests, including the Anticipation Skills Test (AST), Smash Accuracy Test (SAT), Shuttle Run Agility Test (SRAT), and Repeated Sprint Test (RST). A 7-day washout period was applied between conditions.

Results: Significant treatment × time interaction effects were observed for anticipation accuracy (F = 4.992, p = 0.029), reaction time (F = 4.084, p = 0.048), and visual search frequency (F = 8.514, p = 0.005), indicating improved post-fatigue performance in the caffeine condition, whereas the placebo condition declined or remained unchanged. In terms of physical performance, the caffeine group demonstrated superior overall agility in the SRAT (F = 4.097, p = 0.048) and showed an anti-fatigue effect in the RST (F = 5.283, p = 0.025). However, caffeine ingestion did not significantly affect smash accuracy (p = 0.942) or ratings of perceived exertion (RPE; p = 0.917).

Conclusion: Acute ingestion of 5 mg/kg caffeine significantly enhanced cognitive and physical performance under fatigue in elite badminton players, while exerting no apparent effect on fine technical skills.
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1 Introduction

Caffeine, the primary psychoactive component of coffee and tea, has been extensively investigated for its effects on cognitive function and overall health. A large body of literature indicates that moderate caffeine intake can significantly enhance attention, reaction capacity, and overall mental state (1, 2). For example, Wu et al. (3) reported that caffeine ingestion effectively improved self-reported alertness as well as performance across multiple cognitive tasks, supporting its efficacy as a cognitive enhancer. Furthermore, Ricupero and Ritter. (4) summarized that caffeine is regarded as the principal ingredient responsible for enhancing attention, concentration, and reducing fatigue, consistent with the combined effects of other constituents.

At the health level, moderate caffeine intake has been shown to be associated with multiple benefits, including reduced all-cause mortality and improved metabolic function (5, 6). However, compared with these public health effects, the ergogenic role of caffeine in sports performance holds greater research and practical value, which is the primary focus of the present study.

Beyond its general health benefits in the wider population, the ergogenic effects of caffeine as a performance enhancer have been extensively studied and widely recognized. Moderate intake (3–6 mg/kg body mass) is generally applicable across most forms of exercise and has been shown to effectively enhance both anaerobic capacity and endurance (7–9). Moreover, research has demonstrated that caffeine ingestion significantly increases mean and peak power output, showing clear advantages compared with placebo (7, 10). In racket sports, caffeine has also been reported to facilitate sport-specific skills. For instance, in tennis skill tests, a 6 mg/kg dose significantly improved hitting success, while a lower 3 mg/kg dose enhanced shot accuracy (7, 9, 10). These effects may be attributed to mechanisms such as enhanced motor unit recruitment, increased intramuscular calcium availability, delayed perception of fatigue, and improved psychological state (11, 12). Furthermore, caffeine has been shown to improve athletes’ mood and motivation, thereby further supporting performance optimization under high-intensity conditions (10, 12).

Badminton is a fast paced and highly competitive racket sport that places substantial demands on both physical and cognitive performance (13). Matches involve numerous high-intensity actions such as sprints, jumps, and smashes, with players covering an average distance of up to 6.4 km nearly twice that reported in tennis. Furthermore, shuttlecock speeds can reach up to 70 m/s, requiring athletes to perform perceptual judgments and tactical responses within extremely short time frames (14). To maintain technical stability under such conditions, players must sustain high levels of concentration and rely on efficient visual search strategies and critical kinematic cues (e.g., shoulder, elbow, and racket position) to ensure shot accuracy (15, 16). Therefore, in the context of intense competition and rapid decision-making, investigating nutritional strategies such as caffeine ingestion to preserve physical output and cognitive efficiency holds important practical relevance.

Although several studies have examined the ergogenic effects of caffeine in racket sports, findings remain somewhat limited. For example, compared with carbohydrate supplementation or physical cooling interventions, caffeine has demonstrated more pronounced improvements in serve velocity (7, 9, 10). In badminton and related disciplines, caffeine ingestion has been shown to significantly enhance grip strength, running speed, and sprint frequency. Moreover, improvements in squat jump and countermovement jump performance have also been reported (17, 18). However, most of these investigations have primarily focused on the physiological aspects of badminton performance, while the potential benefits of caffeine on cognitive functions (e.g., reaction time, visual search, anticipation) and sport-specific technical skills remain insufficiently explored.

Therefore, to comprehensively evaluate the effects of caffeine on badminton-specific performance, we designed a randomized, double-blind, placebo-controlled crossover trial. The purpose of this study was to examine whether acute ingestion of caffeine (5 mg/kg body mass, 45 min before simulated match play) could enhance cognitive, physical, and technical performance in elite badminton players under fatigue. We hypothesized that caffeine would significantly improve cognitive abilities (e.g., anticipation accuracy, reaction time, and visual search efficiency) and physical performance (e.g., agility and repeated sprint ability), whereas its impact on technical skills (e.g., smash accuracy) would be relatively limited.



2 Materials and methods


2.1 Participants

A total of 15 healthy elite male badminton players, all holding the Chinese National First Class Athlete Certificate, were recruited for this study (age: 20 ± 2.01 years; height: 1.78 ± 0.06 m; body mass: 68.4 ± 7.1 kg; mean ± SD). All participants had extensive competitive training experience, with an average training history of 11.5 ± 3.2 years.

The sample size was determined with reference to previous crossover-design studies in sports nutrition, where the acute ergogenic effects of caffeine typically fall within the moderate-to-large range (Cohen’s d ≈ 0.5–0.7) (17, 19, 20). With a significance level of α = 0.05 and a paired design, an effect size of d = 0.6–0.7 requires approximately 12–20 participants to achieve a statistical power of 0.80–0.95. Accordingly, the inclusion of 15 athletes in the present study was sufficient to ensure adequate statistical power.

Given the elite competitive level of this population and the difficulty of recruitment, the sample size was relatively limited but ensured high homogeneity and professionalism of participants, thereby enhancing both interpretability and external validity of the findings. Notably, all athletes were classified as low habitual caffeine consumers, defined as <50 mg/day. Previous systematic reviews and meta-analyses have shown that, within conventional ergogenic doses (3–6 mg/kg), sex has limited influence on the acute effects of caffeine (21). Therefore, sex was not considered a confounding factor in this study.

Exclusion criteria included: (1) the presence of musculoskeletal pain or any other condition that could potentially affect exercise performance; and (2) the use of any pharmacological treatment within the past 3 months.

This study was approved by the local ethics committee (approval number: 2020084H). All participants provided written informed consent prior to participation, and all procedures were conducted in accordance with the Declaration of Helsinki.



2.2 Study design

This study employed a randomized, double-blind, placebo-controlled, crossover design. All participants first completed a 15-min standardized warm-up, followed by badminton-specific baseline testing (Figure 1). Participants were randomly assigned to one of two intervention sequences:
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FIGURE 1
 Experimental design flowchart.


CAF → PLA: caffeine (CAF) ingestion in the first period, followed by placebo (PLA) ingestion in the second period. PLA → CAF: placebo ingestion in the first period, followed by caffeine ingestion in the second period.

Randomization sequences were generated using a computer-based random number table and implemented through sealed, opaque envelopes by an independent researcher not involved in the trial. Allocation concealment was maintained, and both participants, testers, and data analysts were blinded to group assignment.

The caffeine intervention was administered at a dose of 5 mg/kg body mass (Key Pharmaceuticals, Australia), based on the following rationale: First, previous systematic reviews and meta-analyses have demonstrated that 3–6 mg/kg is the most commonly used and well-supported effective range, capable of significantly improving strength, endurance, sprint performance, and cognitive outcomes (19). Second, both systematic reviews and the position stand of the International Society of Sports Nutrition (ISSN) indicate that higher doses (≥6–9 mg/kg) may yield additional benefits for certain performance measures, but are also associated with a substantially increased incidence and severity of side effects, making them unsuitable in competitive settings (21, 22). Therefore, a dose of 5 mg/kg was selected in the present study as it provides sufficient ergogenic effects while maintaining an acceptable safety profile.

The placebo tablets were identical in appearance, size, and taste to the caffeine tablets and were composed of soluble dietary fiber (Shengtang Pharmaceutical, Beijing, China). All participants ingested the assigned treatment 45 min before testing to ensure adequate absorption.

To minimize potential confounders, participants were instructed to abstain from high-intensity training for 48 h prior to testing, avoid any caffeine-containing foods or beverages for at least 24 h, and maintain their habitual dietary patterns. Regular sleep (7–9 h) was required the night before each trial, and both diet and sleep were monitored using self-report questionnaires to control for potential influences.

During each experimental period, participants completed a 50-min standardized badminton-specific fatigue protocol designed to replicate the high-intensity competitive demands of real matches. Immediately after the protocol, participants performed the same battery of badminton-specific performance tests as conducted at baseline, in a fixed sequence. Water was permitted ad libitum throughout the procedures.

To avoid potential carryover effects, a 7-day washout period was implemented between conditions, which is sufficient to ensure complete clearance of caffeine from the body. Both trials were conducted at the same facility and scheduled at the same time of day to maintain consistency in environmental conditions.

To further ensure the internal validity of the study, both blinding efficacy and compliance were assessed.

Blinding check: At the end of each experimental period, participants completed a questionnaire indicating whether they believed they had ingested caffeine or placebo. The responses were used to evaluate the effectiveness of the double-blind procedure.

Compliance check: On the day prior to each trial, participants filled out a dietary and lifestyle record to confirm abstinence from caffeine-containing foods and beverages. On the test day, supplement ingestion was directly supervised by the research staff, and compliance was continuously monitored throughout the protocol to ensure strict adherence to the study procedures.

In the blinding assessment, the overall correct guess rate across both periods was 53.3% (95% CI: 34.3–71.7%). An exact binomial test indicated no significant difference compared with the 50% chance level (p = 0.82), suggesting that participants were unable to distinguish between caffeine and placebo, and therefore the blinding was considered effective.



2.3 Experimental procedures


2.3.1 Badminton-specific anticipation skills test (AST)

This test was designed to evaluate the cognitive anticipation ability of badminton players (Figure 2). Participants were required to predict the trajectory of the shuttle based on video clips, which were recorded from a first-person perspective simulating matches played by national-level badminton athletes. Responses were made using a small keyboard connected to a computer, where keys 1, 2, 4, 5, 7, and 8 corresponded to six landing zones: left high clear, right high clear, left smash, right smash, left drop, and right drop, respectively. The system automatically recorded both reaction time and anticipation accuracy.

[image: Image panel depicting three scenes: (a) A person sitting in front of laptops viewing a projected image of a badminton game on a screen in a gymnasium. (b) A badminton court with a player positioned to hit a shuttlecock. (c) Diagram of a badminton court with numbered areas one to six marked on a green background.]

FIGURE 2
 Schematic illustration of the badminton-specific anticipation test. (a) Experimental setup of the anticipation task. (b) Each video clip lasted 2,000 ms, showing a player moving from the mid-court to the backcourt to execute a stroke. The video was paused at the moment of racket–shuttle contact, after which participants were required to predict the shuttle’s landing area on the opponent’s court. (c) Response mapping for shuttle landing zones. Numbers 1–6 represent the right forecourt, left forecourt, right midcourt, left midcourt, right backcourt, and left backcourt, respectively.


Specifically, the test consisted of three stroke types (clear, drop, and smash), with 12 video clips for each type. Each clip lasted 2,000 ms and was projected onto a screen (2.29 m × 3.05 m) positioned approximately 3 m in front of the participant, thereby providing a realistic match-viewing perspective.

During the test, participants wore a portable eye tracker (aSeeGlasses, aSeeStudio; 7Invensun, Beijing, China) to record eye-movement data at a sampling rate of 120 Hz. The eye-tracking data were processed and analyzed using the manufacturer’s analysis system. Areas of interest (AOIs) included the opponent’s head, arms, racket, and trunk as presented in the video. A fixation was defined as a gaze maintained for more than 100 ms (23).

Visual search rate was calculated as the number of fixations divided by the total time, with a higher ratio indicating lower search efficiency (15, 24). The final fixation duration was defined as the length of the last fixation on the screen before the video ended; shorter durations were interpreted as reflecting lower processing efficiency (25).



2.3.2 Smash accuracy test (SAT)

This test consisted of 20 forehand smash attempts (10 straight-line and 10 cross-court), which are common offensive techniques in badminton. Players were instructed to perform each smash in the same manner as in official competition, using standardized shuttlecocks (Aerosensa 50, Yonex®, Tokyo, Japan). The target was a rectangular zone (250 cm in length × 80 cm in width).

Shuttlecocks were delivered by a shuttle feeder (Model 8,025, ASIBOSI, Dongguan, China) to ensure consistency in speed, trajectory, and placement, with each shuttle aimed at a designated position 75–80 cm inside the baseline (Figure 3). One shuttle was delivered every 3 s, for a total of 20 trials, and the number of successful smashes landing within the target zone was recorded. A new shuttle was used for each attempt, and any damaged shuttles were replaced immediately.

[image: Silhouette of a badminton player jumping and hitting a shuttlecock with a racket. The shuttlecock's trajectory leads to a target area 2.5 meters away, marked on the court. A shuttlecock launcher is positioned near the target, and dimensions indicate a distance of 0.8 meters in width and 75 centimeters for the player’s jump.]

FIGURE 3
 Schematic illustration of the Smash Accuracy Test (SAT).




2.3.3 Shuttle run agility test (SRAT)

This test was adapted from the protocol described by Loureiro et al. (26) and conducted on a half badminton court. Six square target zones (0.2 m × 0.2 m) were marked on the floor (Figure 4). Participants stood at the central mark holding a control button, with a display screen positioned 2.5 m in front. The screen randomly presented an arrow pointing to one of the six target zones, with the sequence pre-set to avoid repetition.

[image: Diagram of a badminton court with six numbered markers, two umpire chairs, and a screen displaying arrows pointing outward. A person stands near a labeled switch.]

FIGURE 4
 Schematic illustration of the Shuttle Run Agility Test (SRAT).


Once the participant pressed the button, an arrow cue appeared, and the participant was required to sprint to the corresponding target zone, touch it, and immediately return to the starting point before initiating the next trial. Each set consisted of six repetitions, and three sets were performed with 20 s of passive rest between sets. The completion time of each set was recorded, and the fastest set was taken as the final performance outcome. Prior to testing, participants performed practice trials at a moderate pace until they were familiarized with the task.



2.3.4 Repeated Sprint test (RST)

This test was designed to simulate the specific physical demands of badminton match play (27). The protocol consisted of two sets, each including 10 repetitions of 10-s sprints, with 20 s of passive recovery between sprints and a 3-min rest interval between sets. The sprints were performed on a predefined route on a badminton court (Figure 5). Participants were instructed to complete each sprint at maximal effort, and total distance and time for each set were recorded.

[image: Diagram on a badminton court illustrating a player's movement directions. A central figure has black arrows pointing towards four numbered court positions: 1, 2, 3, and 4, indicating strategic movement paths.]

FIGURE 5
 Schematic illustration of the Repeated Sprint Test (RST).


Participants were instructed to sprint along the designated route on the badminton court, following the sequence indicated by arrows from positions 1 to 4, and then return to the starting point.



2.3.5 Fatigue simulation protocol

To replicate the physiological and technical demands of high-intensity badminton match play, a standardized 50-min training protocol was implemented. The session consisted of high-intensity footwork drills, sport-specific agility exercises, and intermittent 3-min walking recovery periods at 5.0 km/h, adapted from the methodology of Bottoms et al. (28). During the protocol, players wore a heart rate monitor (Polar V800, Polar Electro Oy, Finland) for continuous cardiac recording. Ratings of perceived exertion (RPE) were collected immediately before and after the protocol to assess subjective fatigue.




2.4 Statistical analysis

The primary outcome measures included anticipation accuracy, reaction time, AOI search frequency, shuttle run agility performance, repeated sprint distance, and smash accuracy. These variables were analyzed using linear mixed models (LMM). Fixed effects in the model included treatment (CAF vs. PLA), time (baseline vs. post-fatigue), sequence (CAF → PLA vs. PLA → CAF), and period order, with participants (Subject) treated as a random effect. To ensure the internal validity of the crossover design, sequence, period, and carryover effects were explicitly tested; none reached statistical significance (p > 0.1), suggesting that potential confounding effects could be disregarded.

In reporting the results, primary emphasis was placed on the treatment × time interaction effect, as it provides insight into whether caffeine differentially influenced performance under fatigue conditions. For variables with significant interactions, simple effects analyses were conducted, and 95% confidence intervals (CI) were reported.

For the secondary outcomes, including heart rate and ratings of perceived exertion (RPE), two-tailed paired t-tests were performed to compare differences between the two treatment conditions, as only single measurements were available. To control for the risk of Type I error in the context of multiple comparisons, Bonferroni correction was applied to adjust the significance threshold. All statistical tests were two-tailed, with significance set at p < 0.05.

All analyses were conducted using SPSS version 26.0 (IBM, USA), and figures were generated with GraphPad Prism version 8.0 (GraphPad Software, USA). Descriptive statistics are presented as mean ± standard deviation (SD), whereas LMM results are reported as estimated marginal means (EMM) with 95% confidence intervals (CI).




3 Results


3.1 Anticipation Skills Test (AST)

As one of the core outcomes of this study, a linear mixed model (LMM) was applied to evaluate the effects of caffeine on badminton players’ anticipation ability, including anticipation accuracy, reaction time, and visual search frequency in the areas of interest (AOI).

For anticipation accuracy (Figure 6a), neither the main effect of treatment (F(1,56) = 0.328, p = 0.569) nor time (F(1,56) = 0.087, p = 0.770) was significant. However, the treatment × time interaction was significant (F(1,56) = 4.503, p = 0.038). Post hoc analysis revealed that in the placebo condition, accuracy declined from a baseline of 48.1% (95% CI: 43.8–52.4%) to 42.9% (95% CI: 38.6–47.2%) following fatigue. In contrast, the caffeine condition showed an improvement from 44.8% (95% CI: 40.5–49.1%) at baseline to 48.7% (95% CI: 44.4–53.0%) post-fatigue, suggesting that caffeine ingestion counteracted fatigue-induced declines and exerted a positive effect.

[image: Bar charts depicting the effects of caffeine and placebo on prediction accuracy, reaction time, and visual search frequency pre- and post-fatigue. Significant differences are noted with asterisks. Chart (a) shows prediction accuracy, (b) depicts reaction time, and (c) illustrates visual search frequency. Each chart compares caffeine and placebo effects both pre-fatigue and post-fatigue. Error bars represent variability, with marked statistical significance where applicable.]

FIGURE 6
 Results of the badminton-specific anticipation test. (a) Anticipation accuracy; (b) Reaction time; (c) AOI visual search frequency; *p < 0.05;** p < 0.01.


Reaction time results (Figure 6b). Analysis revealed that the main effects of group (F(1,56) = 1.721, p = 0.195) and time (F(1,56) = 0.151, p = 0.699) were not significant. However, a significant group × time interaction was observed (F(1,56) = 4.084, p = 0.048). Post hoc analysis indicated that, in the placebo condition, reaction time increased from a baseline of 907.39 ms (95% CI: 780.24–1034.55) to 1060.33 ms (95% CI: 933.18–1187.48) following fatigue. In contrast, in the caffeine condition, reaction time decreased from 952.40 ms (95% CI: 825.25–1079.55) at baseline to 848.79 ms (95% CI: 721.64–975.94) after fatigue.

For AOI visual search frequency (Figure 6c), neither the main effect of treatment (F(1,56) = 0.002, p = 0.961) nor time (F(1,56) = 0.026, p = 0.872) was significant. However, a significant treatment × time interaction was observed (F(1,56) = 8.514, p = 0.005). Further analysis revealed that in the placebo condition, search frequency remained stable from baseline (0.3, 95% CI: 0.3–0.3%) to post-fatigue (0.3, 95% CI: 0.3–0.3%). In contrast, in the caffeine condition, search frequency decreased from 0.3% (95% CI: 0.3–0.3%) at baseline to 0.2% (95% CI: 0.2–0.3%) post-fatigue, suggesting that caffeine intake reduced unnecessary scanning and promoted more efficient visual search under fatigue.



3.2 Smash Accuracy Test (SAT)

The results of the smash accuracy test are presented in Figure 7a. Linear mixed model analysis showed that the main effect of group was not significant (F(1,116) = 0.101, p = 0.751), indicating no overall difference in smash accuracy between the caffeine and placebo conditions. The main effect of time was also not significant (F(1,116) = 0.318, p = 0.574), suggesting no significant change in smash accuracy before and after fatigue. In addition, the group × time interaction was not significant (F(1,116) = 0.005, p = 0.942), indicating that caffeine ingestion did not significantly modulate the fatigue-induced changes in smash accuracy.

[image: Bar charts showing the effects of caffeine and placebo on performance pre- and post-fatigue. (a) The total number of successful attempts in SAT, (b) the total time in SRAT in seconds, and (c) the total time in RST in minutes. Caffeine groups, both pre- and post-fatigue, generally show higher performance compared to placebo groups, with significant differences indicated by asterisks.]

FIGURE 7
 Results of smash accuracy and physical performance tests. (a) Smash Accuracy Test (SAT); (b) Shuttle Run Agility Test (SRAT); (c) Repeated Sprint Test (RST); *p < 0.05.




3.3 Shuttle Run Agility Test (SRAT)

The results of the shuttle run agility test are presented in Figure 7b. The linear mixed model revealed that the main effect of time was not significant (F(1,56) = 0.125, p = 0.725), indicating no overall difference in agility performance before and after fatigue. Similarly, the group × time interaction was not significant (F(1,56) = 2.352, p = 0.131). However, the main effect of group was significant (F(1,56) = 4.097, p = 0.048), showing that the caffeine group outperformed the placebo group overall. Further analysis indicated that, in the placebo group, completion time increased from a baseline of 16.38 s (95% CI: 15.67–17.09) to 17.05 s (95% CI: 16.34–17.76) after fatigue, reflecting a performance decline. In contrast, the caffeine group improved, with completion time decreasing from 16.02 s (95% CI: 15.49–16.91) at baseline to 15.78 s (95% CI: 15.07–16.50) after fatigue.



3.4 Repeated Sprint Test (RST)

The results of the repeated sprint test are presented in Figure 7c. The linear mixed model revealed that neither the main effect of group (F(1,56) = 1.195, p = 0.279) nor the main effect of time (F(1,56) = 0.444, p = 0.508) was significant. However, a significant group × time interaction was observed (F(1,56) = 5.283, p = 0.025). Further analysis showed that, in the placebo group, sprint distance decreased from 814.27 m (95% CI: 782.69–845.85) at baseline to 767.53 m (95% CI: 735.96–799.11) after fatigue, indicating a performance decline. In contrast, the caffeine group improved, with sprint distance increasing from 795.27 m (95% CI: 763.69–826.85) at baseline to 821.00 m (95% CI: 789.42–852.58) after fatigue.



3.5 Heart rate and ratings of perceived exertion (RPE)

As shown in Figure 8a, independent t-test results indicated that the mean heart rate in the caffeine condition (166.50 ± 8.75 bpm) was slightly higher than in the placebo condition (161.86 ± 10.22 bpm), but the difference did not reach statistical significance (p = 0.079). Regarding ratings of perceived exertion (RPE), no significant difference was observed between treatments (p = 0.917). The mean RPE was 12.24 ± 1.78 in the caffeine group and 12.30 ± 1.12 in the placebo group (Figure 8b).

[image: Bar graphs comparing heart rate and RPE between caffeine and placebo. Panel (a) shows heart rate in beats per minute, with caffeine and placebo having similar values around 150. Panel (b) depicts RPE with both caffeine and placebo near 130. Error bars indicate variability.]

FIGURE 8
 Heart rate and ratings of perceived exertion (RPE) results. 350 (a) Mean heart rate (beats/min) during the fatigue protocol; (b) Ratings of perceived exertion (RPE).





4 Discussion

This study employed a randomized, double-blind, crossover design and used linear mixed models to evaluate the acute effects of caffeine ingestion (5 mg/kg) on multiple dimensions of badminton-specific performance in elite players, including cognitive (anticipation accuracy, reaction time, visual search efficiency), physical (agility, repeated sprint ability), and technical (smash accuracy) domains. The findings indicate that caffeine significantly enhanced anticipation performance and sprint ability under fatigue, and was generally beneficial for overall agility performance, whereas no clear effects were observed for smash accuracy or ratings of perceived exertion (RPE). These results provide further evidence and boundary conditions for the application of caffeine in high-intensity, fast-decision racket sports.

Specifically, in the anticipation task, accuracy decreased after fatigue in the placebo group but increased in the caffeine group; likewise, reaction times lengthened with fatigue in the placebo condition but shortened under caffeine. This suggests that caffeine not only offset fatigue-induced declines in cognitive and behavioral performance but also enhanced decision speed and accuracy. These findings are consistent with prior evidence showing that caffeine, as a central nervous system stimulant, enhances alertness, attention, and executive control, thereby accelerating the perception–decision–action chain (29, 30, 50). In the fast-paced, high-intensity, and information-dense context of badminton, athletes must rapidly extract visual information, identify tactical cues, and execute motor programs; by improving attentional maintenance and information-processing speed, caffeine can help shorten reaction times and stabilize accuracy (31).

In line with this, the present study found that AOI search frequency decreased following fatigue under caffeine, while it remained largely unchanged with placebo, suggesting a shift from dispersed to more focused and efficient visual search. This likely reflects greater allocation of fixations to key cues (e.g., the opponent’s upper limbs, racket, or trunk), reducing ineffective scanning. These results converge with evidence that nutritional interventions can improve accuracy and reaction times under mental fatigue (32) and that caffeine can optimize visual search and perceptual–attentional processes (3). Overall, enhancements at the cognitive–attentional level appear to underlie caffeine’s ability to maintain or even improve anticipation and reaction performance under fatigue.

Regarding the physical performance outcomes, caffeine was found to significantly enhance overall agility levels, although no additional interaction effect was observed between pre- and post-fatigue conditions. This finding aligns with previous reports showing beneficial effects of caffeine on agility and change-of-direction performance (33), suggesting that improvements may stem from enhanced neuromuscular excitability and increased motor unit recruitment (33–35).

In the repeated sprint test (RST), sprint distance decreased after fatigue in the placebo group but increased in the caffeine group, reflecting a clear anti-fatigue pattern. This outcome is consistent with mechanisms whereby caffeine facilitates Ca2+ release within muscle fibers, enhances excitation–contraction coupling (36–38), augments sympathetic activation, and promotes fat oxidation and glycogen sparing (39, 40). For high-intensity sports characterized by frequent accelerations, decelerations, changes of direction, and short sprints (41, 42, 49), this anti-fatigue effect carries direct competitive relevance. Additionally, caffeine’s antagonism of adenosine receptors may reduce perceptions of effort and fatigue, thereby sustaining motor output during repeated high-intensity shuttle runs (43, 44).

It should be noted that although research specific to badminton remains limited, findings from other racket sports provide valuable external reference points for our results. For example, in tennis skill tests, ingestion of 6 mg/kg caffeine significantly improved shot success rates and accuracy (7, 10). These findings resonate with the present study’s outcomes on sprint performance and agility, suggesting that the ergogenic effects of caffeine may have cross-sport applicability across different racket disciplines.

In contrast to the cognitive and physical outcomes, no significant group, time, or interaction effects were observed for smash accuracy, suggesting that the acute influence of caffeine on fine motor execution is limited. This may be attributed to the highly automated and procedural nature of the smash action, whose stability depends more on long-term training and motor memory than on short-term stimulant effects (45, 46). Similar perspectives have been reported by Hadžimehmedović et al. (47), who noted that improvements in fine motor skills rely predominantly on sustained practice and technical adaptation rather than acute nutritional or pharmacological stimulation. Thus, the present findings further support the notion that caffeine is effective in enhancing cognition and physical performance but exerts limited immediate effects on highly skilled, automatized actions.

Moreover, with respect to heart rate and ratings of perceived exertion (RPE), this study found no significant differences between caffeine and placebo conditions, which may reflect considerable inter-individual variability in caffeine responsiveness. Such differences are influenced by genetic factors (e.g., CYP1A2 genotype), habitual caffeine consumption, and psychological expectations (48). For instance, Cornelis et al. demonstrated that genetic variability shapes both caffeine consumption and its physiological effects, implying that sensitivity to caffeine may modulate its impact on performance outcomes. Future research should therefore integrate genotyping and individual tolerance assessments to develop personalized supplementation strategies aimed at maximizing caffeine’s ergogenic potential. Tailored dosing protocols, adjusted for genetic background, could help clarify the extent to which caffeine optimally benefits sport-specific performance.



5 Limitations

Although this study systematically evaluated the multidimensional effects of acute caffeine ingestion on badminton-specific performance, several limitations should be acknowledged. (1) Only participants with low habitual caffeine intake (<50 mg/day) were included. Thus, the findings may not be generalizable to individuals with long-term or high habitual caffeine consumption, and future studies should verify the effects across different intake backgrounds. (2) The present work examined only acute effects; long-term supplementation or periodized ingestion was not addressed. Consequently, issues such as tolerance, cumulative effects, or rebound phenomena remain unclear. (3) The relatively small sample size, restricted to male elite badminton athletes, limits the external validity of the results, particularly regarding female athletes and players of different competitive levels. (4) The caffeine dose of 5 mg/kg adopted here is widely recommended in the literature and by the International Society of Sports Nutrition (ISSN) as an effective and safe dosage. However, no comparisons with other doses (e.g., 3 mg/kg or ≥6 mg/kg) were performed, preventing conclusions about dose–response effects in badminton-specific performance. (5) The study was not formally registered as a clinical trial, which may affect research transparency. (6) Although linear mixed models with Bonferroni corrections were employed, the use of multiple testing still carries a risk of Type I error, which should be addressed in future studies with larger samples and stricter analytical strategies.



6 Conclusion

This study demonstrates that acute ingestion of caffeine at a dose of 5 mg/kg body mass effectively enhances cognitive performance (anticipation accuracy, reaction time, and visual search efficiency) and physical performance (agility and sprint ability) in elite badminton players under fatigue conditions, while exerting limited influence on fine technical skills (smash accuracy) and perceived exertion. These findings suggest that caffeine may serve as a safe and effective ergogenic aid in the context of high-intensity, rapid-decision-making demands in badminton, with meaningful potential for practical application.
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