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Abstract: Badminton is a high-intensity sport that requires athletes to execute rapid, multi-

directional movements while making split-second tactical decisions. The biomechanical 

efficiency of movements, combined with cognitive abilities such as tactical awareness and 

decision-making speed, plays a critical role in an athlete’s success on the court. Variable Speed 

Training (VST) is an emerging methodology designed to enhance physical performance and 

cognitive sharpness by incorporating fluctuating speeds into exercise routines. However, 

limited research has explored the specific impact of VST on both the biomechanics and tactical 

awareness of badminton players. This study investigates the effects of a six-week VST program 

on college-level badminton athletes’ biomechanics and tactical awareness. The primary focus 

is assessing improvements in joint angles, stride length, Ground Reaction Forces (GRF), 

footwork efficiency, decision-making speed, reaction time, and cardiovascular endurance. 

Twenty-seven college-level badminton athletes participated in a six-week VST intervention, 

with three 60 min sessions per week. The athletes underwent pre-and post-training assessments, 

including 3D motion capture analysis for biomechanical variables (joint angles, stride length, 

GRF) and Dartfish Tactical Analysis Software for cognitive metrics (decision-making speed, 

spatial awareness, and shot accuracy). Heart rate monitors and GPS trackers assess 

cardiovascular performance and movement patterns. Paired t-tests and effect size calculations 

(Cohen’s d) were used to determine the statistical significance and magnitude of the 

improvements. Significant improvements were observed across all key metrics following the 

VST intervention. Biomechanical analysis revealed increases in joint range of motion (hip, 

knee, ankle) during key badminton movements, with the most notable improvement in the hip 

joint angle during lunges (+7.7°, p < 0.001). Stride length increased by an average of 0.12 m 

across movements, while GRF decreased by an average of 105 N, indicating enhanced stability 

and reduced impact forces. Tactical awareness improved significantly, with faster decision-

making speeds (+0.16 s) and better spatial awareness (+9.5% in positioning accuracy). Athletes 

also demonstrated improved heart rate recovery (+14 bpm) and enhanced fatigue resistance (+7 

shots in extended rallies). The findings indicate that VST improves badminton athletes’ 

biomechanical efficiency and tactical awareness. The significant gains in joint range of motion, 

stride length, and stability suggest that VST enhances movement control and reduces injury 

risk. Similarly, improvements in decision-making speed, shot accuracy, and spatial awareness 

highlight the cognitive benefits of VST under high-pressure conditions. This study underscores 

the importance of integrating variable-intensity training into badminton regimens to optimize 

physical and cognitive performance. 

Keywords: variable speed training; biomechanical efficiency; movement control; physical and 

cognitive performance; ground reaction forces 

1. Introduction 

Badminton is a fast-paced sport that requires a unique combination of physical 

fitness, technical skill, and cognitive sharpness [1,2]. As an Olympic sport, it is 
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characterized by rapid, multi-directional movements, high-intensity rallies, and 

complex shot patterns that challenge athletes’ physical and mental capacities [3]. 

Players must make split-second decisions while maintaining optimal biomechanics to 

ensure efficient movement and power generation [4,5]. Given these demands, effective 

training regimens are essential to enhance the performance of badminton players, 

particularly in terms of their movement efficiency, endurance, and tactical awareness 

[6–8]. In recent years, there has been growing interest in understanding the role of 

biomechanics and tactical awareness in enhancing badminton performance [9,10]. 

Biomechanics focuses on how the body moves, how muscles, bones, and joints interact 

to produce motion, and how different factors such as speed, force, and angle of 

movement affect athletic performance [11]. For badminton players, efficient 

biomechanics are critical for movements like lunges, sidesteps, and quick directional 

changes, which are essential in offensive and defensive plays [12,13]. Poor 

biomechanics can lead to inefficient movements, increased energy expenditure, and a 

heightened risk of injury, particularly to the lower limbs and joints. 

Tactical awareness, on the other hand, refers to a player’s ability to read the game, 

anticipate their opponent’s strategies, and position themselves optimally on the court 

[14]. In badminton, players must be able to respond rapidly to changing shuttle 

trajectories and opponent movements while maintaining a strategic approach to shot 

selection [15]. Tactical decision-making under pressure, particularly in high-stakes 

rallies, often separates elite players from their competitors [16]. Variable Speed 

Training (VST) is an increasingly popular method for improving sports performance’s 

physical and cognitive aspects [17]. VST involves varying the intensity of exercise, 

typically through interval training, fartlek training, or pyramid drills, which mimic the 

fluctuating speeds and intensities experienced during a badminton match. This type of 

training has been shown to enhance cardiovascular fitness, agility, and neuromuscular 

coordination while also conditioning athletes to make tactical decisions under fatigue. 

Despite its growing use in sports like soccer and rugby, there is limited research on 

the specific effects of VST in badminton, particularly in how it impacts biomechanics 

and tactical awareness [18]. 

While badminton training traditionally focuses on technique, endurance, and 

agility, there is a gap in integrating cognitive and biomechanical elements into a 

cohesive training framework [19,20]. Athletes often train separately for physical 

fitness and tactical skills, yet in match situations, these elements must work in tandem 

[21]. The lack of targeted research on how VST can simultaneously improve 

biomechanics and tactical awareness presents an opportunity for further exploration. 

Specifically, there is a need to understand how variable speed running, which closely 

simulates a badminton match’s fluctuating pace, can enhance movement efficiency 

and decision-making under pressure. Moreover, existing studies on badminton 

biomechanics tend to focus on isolated movements or specific joint mechanics without 

considering the dynamic and unpredictable nature of the sport [22–26]. Similarly, 

research on tactical awareness in badminton often overlooks the physical demands of 

the game, which can impair decision-making as fatigue sets in. This study seeks to 

address these gaps by investigating how VST affects physical and cognitive aspects of 

badminton performance in a real-world training environment [27–29]. 
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The primary objective of this study is to evaluate the impact of VST on the 

biomechanics and tactical awareness of college-level badminton athletes. Specifically, 

the study aims to: 

⚫ Assess the changes in joint angles, stride length, and ground reaction forces (GRF) 

before and after a six-week VST program. 

⚫ Analyze the improvements in footwork efficiency, balance, and lower limb 

stability during badminton-specific movements. 

⚫ Evaluate the enhancements in tactical awareness, particularly regarding decision-

making speed, reaction time, and spatial awareness during simulated game 

scenarios. 

⚫ Investigate the cardiovascular and endurance benefits of VST, focusing on heart 

rate recovery and fatigue resistance during extended play. 

By addressing these objectives, the study will provide valuable insights into how 

VST can optimize badminton athletes’ physical and cognitive performance. The 

findings from this study will contribute to the growing body of research on sports 

science by offering a comprehensive evaluation of how VST affects biomechanics and 

tactical awareness in badminton. For coaches and sports scientists, this research will 

provide evidence-based guidelines for integrating VST into training regimens, helping 

athletes improve their physical attributes and ability to make strategic decisions under 

pressure. Furthermore, the study will offer practical recommendations for reducing 

injury risk through biomechanical improvements, such as enhanced joint stability and 

reduced impact forces. For badminton athletes, the study will highlight how targeted 

training can improve on-court performance by increasing speed, agility, and decision-

making efficiency, thereby giving them a competitive edge during matches [30,31]. 

The remainder of this paper is structured as follows: Section 2 presents the 

theoretical framework, focusing on the role of biomechanics and tactical awareness in 

badminton. Section 3 describes the methodology, including participant demographics, 

the VST training module, and the apparatus used for data collection. Section 4 

provides the study’s results, including statistical analyses of pre- and post-training 

assessments. Finally, Section 5 concludes the paper by summarizing the key 

takeaways from the study and highlighting the practical implications of VST in 

badminton training. 

2. Theoretical framework 

2.1. Biomechanics in badminton 

Biomechanics plays a crucial role in the performance of badminton athletes, 

influencing factors such as movement efficiency, shot accuracy, and injury prevention. 

In badminton, biomechanics primarily focuses on footwork, joint movements, and the 

application of force during different phases of play. The sport demands rapid changes 

in direction, sudden accelerations, and complex body coordination, all of which rely 

on the athlete’s biomechanical proficiency [32,33]. Badminton footwork is 

fundamental as it dictates how efficiently players move across the court. Players must 

be able to reach shuttlecocks at various angles and distances while maintaining balance 

and control. The ability to decelerate and change direction quickly is critical in both 

offensive and defensive scenarios. This requires a precise combination of lower limb 
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strength, joint mobility, and stability. Joint mechanics, especially at the ankle, knee, 

and hip, are essential for reducing injury risk and optimizing movement during fast-

paced exchanges. 

Furthermore, biomechanics in badminton extend to the upper body, especially 

when generating power during strokes like smash, precise, or drop shots Figures 1–6. 

The kinematic chain, from the foot through the torso to the arm, allows players to 

transfer force effectively, ensuring high shuttle speeds without compromising 

accuracy. Proper biomechanical form during these actions enhances performance 

while reducing the likelihood of overuse injuries [34]. In the Variable Speed Running 

(VSR) context, an athlete’s biomechanical efficiency can be improved by training their 

body to adapt to different movement intensities. VSR helps enhance the 

neuromuscular systems responsible for rapid adjustments, leading to better balance, 

coordination, and joint stability on the badminton court. By incorporating VSR into 

training, players can develop better footwork dynamics, improved energy transfer 

during strokes, and increased endurance for prolonged rallies. 

 

Figure 1. Badminton server. 

 

Figure 2. Badminton smash. 

 

Figure 3. Badminton drop shot. 
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Figure 4. Badminton forehand stroke. 

 

Figure 5. Badminton backhand stroke. 

 

Figure 6. Badminton stance. 

2.2. Tactical awareness in badminton 

Tactical awareness is a key component of successful badminton performance, 

allowing athletes to make quick and informed decisions based on their opponent’s 

position, the shuttlecock’s trajectory, and the evolving dynamics of the match. It 

encompasses an athlete’s ability to anticipate plays, respond to unexpected situations, 

and strategically position themselves to gain an advantage. In badminton, tactical 

awareness involves both offensive and defensive strategies. Offensively, players must 

create opportunities to exploit their opponent’s weaknesses, often by controlling the 

game’s pace and forcing their opponent into unfavorable positions. This requires an 

acute understanding of court spacing and the ability to judge the opponent’s movement 

patterns. A well-developed sense of timing is essential for executing decisive smashes, 

drops, or clears at the right moment to keep the opponent off-balance. 

Defensively, tactical awareness helps players anticipate their opponent’s shots, 

improving their reaction times and movement efficiency. By reading their opponent’s 

body language, shot selection, and positioning, a tactically aware player can predict 

likely returns and position themselves to counter effectively. For instance, anticipating 

a cross-court smash or a deceptive drop shot allows the defender to maintain control 
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of the rally and transition back to an offensive stance. The fast-paced nature of 

badminton, combined with the physical demands of continuous movement, means that 

players must constantly process information and adapt their strategies during a match. 

Developing tactical awareness requires experience and specific training methods that 

simulate real-game conditions. Training focused on improving cognitive processes—

such as decision-making under pressure and spatial awareness—can enhance a 

player’s ability to assess and react to in-game scenarios quickly. 

Variable speed running (VSR) contributes to tactical awareness by conditioning 

athletes to make decisions under varying fatigue levels. As the pace of the game 

changes, players trained with VSR can maintain mental clarity and continue to apply 

tactical strategies, even during intense rallies. VSR promotes better reaction time, 

allowing players to process and respond to changes in the game without losing focus, 

leading to improved shot selection and court positioning throughout a match. 

2.3. Effects of VST 

VST is a dynamic conditioning method that alternates between different speeds 

during exercise, helping athletes improve their physical and cognitive abilities. In 

badminton, where players must perform explosive movements followed by moments 

of agility and precision, VST plays a vital role in enhancing biomechanics and tactical 

awareness. Several types of training under VST are designed to target different 

performance aspects. Common types include interval training, where athletes alternate 

between high-intensity bursts and slower recovery periods, and fartlek training, which 

mimics unpredictable changes in pace similar to real match conditions. Pyramid 

training, which progressively increases and then decreases speed, mirrors the 

accelerations and decelerations in badminton rallies. Tempo runs, and sprints with 

active recovery help athletes maintain a high speed while focusing on pacing and 

endurance. These VST types improve both the aerobic and anaerobic capacities 

necessary for badminton. 

i) Physical effects 

VST enhances multiple aspects of athletic performance, particularly in 

badminton, where rapid accelerations, decelerations, and directional changes are 

crucial. The varying intensity levels in VST challenge the body’s cardiovascular and 

muscular systems, improving speed, agility, and endurance. For badminton players, 

this translates into the ability to sustain high-intensity play for longer, delaying the 

onset of fatigue. Biomechanically, VST improves neuromuscular coordination, 

enabling athletes to control movements more effectively at different speeds. This is 

critical in badminton, where efficient footwork is essential. Training with variable 

speeds enhances players’ ability to transition seamlessly between high-speed sprints 

and slower, controlled movements. This improves stride length, reaction time, and 

joint stability, ultimately reducing the risk of injury from sudden movements or poor 

technique. 

ii) Cognitive and tactical effects 

VST also significantly affects an athlete’s mental acuity and decision-making 

abilities. As training intensity fluctuates, athletes are forced to make quick decisions 

under varying levels of physical stress. In badminton, players must react instantly to 
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their opponent’s moves, translating to better shot selection, anticipation, and 

positioning, even when fatigued. By conditioning the mind to remain sharp during 

tempo changes, VST prepares players for real-match scenarios where the pace of play 

constantly varies. Players who undergo VST can better handle shifts in game speed, 

maintaining tactical awareness and executing strategies without losing focus. This 

improves situational awareness, allowing players to adapt quickly during rallies, 

exploit their opponent’s weaknesses, and control the game flow. 

iii) Impact on recovery and injury prevention 

VST’s benefits extend to recovery and injury prevention. By learning to regulate 

their exertion levels during less intense moments, athletes can conserve energy more 

effectively, reducing the likelihood of overexertion. This contributes to a lower risk of 

overuse injuries, common in repetitive movement sports like badminton. Additionally, 

VST trains athletes to recover quickly between points or rallies, ensuring they are 

ready for the following sequence of play. This enhances their ability to maintain high 

performance throughout matches, especially in longer, more demanding rallies. 

3. Methodology 

3.1. Participants 

The study involved 27 college-level badminton athletes from various universities 

in China. The participants were selected based on their active involvement in 

competitive badminton tournaments and training programs. The age range of the 

athletes was between 18 and 24 years, with a mean age of 21.3 years. All participants 

had at least three years of experience in competitive badminton and regularly trained 

at least five times a week. The group consisted of male and female athletes, with a 

gender distribution of 17 males and 10 females. Each participant had undergone 

essential fitness and health assessments before the study to ensure they were physically 

capable of completing the variable speed running (VSR) training protocol. None of 

the participants reported any recent injuries that could affect their biomechanical 

performance or tactical awareness during the study. The participants were informed 

about the study’s objectives and consented to participate. All training and testing 

sessions were conducted under the supervision of certified coaches and sports science 

professionals to ensure safety and adherence to proper training techniques. Table 1 

presents the characteristics of the population. 

Table 1. Participants demographics. 

Demographic Details Description 

Total Participants 27 

Country China 

Age Range 18–24 years 

Mean Age 21.3 years 

Gender Distribution 17 males, 10 females 

Competitive Experience Minimum 3 years 

Training Frequency At least 5 times per week 

Health Status No recent injuries have been reported. 
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3.2. VST training module 

The VST module implemented in this study was designed to improve the 

participants’ physical and cognitive performance, focusing on enhancing their 

biomechanics and tactical awareness in badminton. The training module (Figure 7) 

lasted six weeks, with three sessions per week, each lasting approximately 60 min. 

Each session incorporated a variety of speed intensities, challenging the athletes to 

adapt to changing paces while maintaining proper form and tactical focus. Each 

session began with a 10-minute dynamic warm-up, including light jogging, mobility 

exercises, and badminton-specific movements.  

 

Figure 7. Training schedule. 

The core of the training was divided into three main phases: 

High-Intensity Interval Training (HIIT): This phase focused on explosive sprints 

with rapid decelerations. Participants alternated between 20-second high-speed sprints 

and 40-second low-intensity jogging or walking. This phase aimed to improve 

acceleration, deceleration, and overall speed, mimicking the short bursts of energy 

required during badminton rallies. 

Pyramid Training: In this phase, participants gradually increased their running 

speed from a moderate to maximum sprinting speed and progressively reduced it to a 

lower intensity. Each stage lasted for 30 s, and this phase targeted endurance, pacing, 

and the ability to control footwork under different levels of fatigue. 

Fartlek Training: This unstructured phase incorporated random changes in speed, 

simulating real-match conditions where the pace of play can vary unpredictably. 

Participants were required to sprint, jog, or walk at varying intervals as determined by 

the coach. The goal was to train the athletes’ responsiveness to sudden changes in 

tempo, enhancing their tactical adaptability on the court. 

After completing the high-intensity phases, each session ended with a 10-minute 

cool-down consisting of light jogging and static stretching exercises. This helped 
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improve recovery, reduce muscle soreness, and prevent injury. The training intensity 

progressively increased over the six weeks, and the first two weeks focused on 

building a strong aerobic base with moderate speeds and more extended recovery 

periods. The speed and intensity increased in weeks three and four, with shorter 

recovery times between intervals. In the final two weeks, they involved maximum 

effort sprints and more challenging pyramid and fartlek training combinations. By the 

end of the six weeks, participants demonstrated improvements in their biomechanical 

efficiency and tactical awareness. The module was designed to condition the athletes’ 

bodies and minds to respond effectively to the demands of badminton matches, 

especially during high-pressure situations. 

3.3. Apparatus and measurements 

The apparatus and measurement techniques used in this study were carefully 

chosen to assess the participants’ biomechanical changes and tactical awareness 

improvements after completing the VST program. A high-resolution 3D motion 

capture system was employed to track participant movements during badminton-

specific drills. This system used 12 infrared cameras to record the precise motion of 

reflective markers on key anatomical landmarks, including the ankle, knee, hip, 

shoulder, and wrist joints. The motion capture system allowed for the detailed analysis 

of joint angles, stride lengths, and movement speeds, providing valuable insights into 

the biomechanical effects of VST on footwork and overall movement efficiency. 

In addition, force plates were integrated into the court surface to measure the 

ground reaction forces (GRF) generated by the athletes during various phases of play, 

such as lunging, sprinting, and sudden deceleration. These measurements were crucial 

in assessing how VST impacted lower limb loading and stability, helping to determine 

improved balance, joint stability, and force production during high-intensity 

movements. 

From Table 2 is the Dartfish Tactical Analysis Software was used for the tactical 

awareness component to measure decision-making speed, reaction time, and spatial 

awareness during simulated game situations. The software tracked player positioning 

and shot selection, capturing real-time data on how quickly and effectively athletes 

responded to changing game dynamics. These assessments were conducted both pre-

and post-training to evaluate the cognitive impact of VST on tactical decision-making. 

The software tracked player positioning and shot selection, capturing real-time data 

on how quickly and effectively athletes responded to changing game dynamics. These 

assessments were conducted both pre-and post-training to evaluate the cognitive 

impact of VST on tactical decision-making. Finally, heart rate monitors and GPS 

trackers were worn by each participant throughout the training sessions to record their 

cardiovascular response and movement patterns during variable speed drills. These 

tools provided additional data on the athletes’ endurance and physical adaptation to 

the VST module. Collectively, the apparatus used in the study enabled a 

comprehensive analysis of both the physical and tactical improvements experienced 

by the athletes over the six-week training period. 
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Table 2. Variables measured. 

Variable Source Units 

Joint Angles 3D Motion Capture System Degrees (°) 

Stride Length 3D Motion Capture System Meters (m) 

Speed of Movement 3D Motion Capture System Meters per second (m/s) 

Ground Reaction Forces (GRF) Force Plates Newtons (N) 

Balance/Stability Force Plates Center of Pressure (CoP) 

Decision-making Speed Tactical Awareness Software Seconds (s) 

Reaction Time Tactical Awareness Software Seconds (s) 

Spatial Awareness Tactical Awareness Software Percentage (%) 

Heart Rate Heart Rate Monitor Beats per minute (bpm) 

Movement Distance GPS Tracker Meters (m) 

3.4. Experimental design 

The experimental design for this study was centered around evaluating the impact 

of VST on the biomechanics and tactical awareness of college-level badminton 

athletes. The experiment followed a pre-test and post-test approach, with the 

participants serving as their control group to assess changes after the VST intervention. 

i) Pre-Training Assessments: Before the commencement of the VST program, all 

27 participants underwent a comprehensive series of biomechanical and tactical 

assessments over two separate sessions. These evaluations took place in a controlled 

environment, where the athletes performed a set of badminton-specific movements. 

Biomechanical Assessments (60 min): Biomechanical data, including joint 

angles, stride length, and ground reaction forces, were captured using the 3D motion 

capture system and force plates. These tests focused on key movements such as lunges, 

sidesteps, and sprints, which are crucial for badminton performance. 

Tactical Awareness Assessments (60 min): Participants were assessed using 

Dartfish Tactical Analysis Software during simulated game scenarios for tactical 

awareness. They engaged in decision-making drills that tested their ability to 

anticipate and respond to different shuttle trajectories, court positions, and opponent 

strategies. Metrics such as reaction time, decision-making speed, and spatial 

awareness were measured during these simulations, providing baseline data for 

cognitive performance. 

ii) VST Intervention After the pre-training assessments, the participants 

embarked on a six-week VST program with three weekly training sessions, each 

lasting approximately 60 min. The VST sessions were incorporated into the athletes’ 

existing badminton training routine, ensuring that the program complemented their 

regular practice without overloading them physically. 

Each training session began with a 10-minute dynamic warm-up, followed by the 

core VST drills. The sessions were designed to progressively challenge the 

participants by alternating between different running intensities. Interval training 

involved rapid sprints followed by periods of active recovery, while pyramid and 

fartlek training added variations in pace to mimic the unpredictable tempo of 

badminton matches. Throughout the VST sessions, the participants were encouraged 
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to maintain proper technique and posture, ensuring that the training enhanced their 

speed and reinforced biomechanical efficiency. 

The VST drills were performed on the badminton court to simulate match 

conditions closely. Participants were monitored using GPS trackers to track movement 

patterns, while heart rate monitors provided insights into their cardiovascular response 

to the varying speeds. The progressive nature of the training ensured that the athletes 

gradually adapted to the increasing intensity, enhancing their physical and cognitive 

endurance. 

iii) Post-Training Assessments: After the six-week VST program, the participants 

repeated the same two assessment sessions conducted during the pre-training phase. 

Post-Training Biomechanical Assessments (60 min): These were designed to 

measure improvements in footwork mechanics, joint stability, and movement 

efficiency during badminton-specific drills. 

Post-Training Tactical Awareness Assessments (60 min): The tactical awareness 

tests were repeated, with the athletes again engaging in simulated game scenarios to 

evaluate changes in their decision-making speed, reaction time, and spatial awareness. 

iv) Experimental Procedure: Care was taken to ensure consistency in the testing 

conditions. All assessments were conducted at the same time of day, in the same 

environment, and using identical equipment for both the pre-and post-training phases. 

This approach minimized external factors that could influence the outcomes and 

ensured that the results were directly attributable to the VST intervention. Data from 

the pre-and post-training phases were analyzed using statistical techniques, such as 

paired t-tests, to determine whether the VST program significantly improved 

biomechanics and tactical awareness. These analyses provided insights into the 

effectiveness of variable speed running in enhancing performance for badminton 

athletes. 

4. Results and analysis 

4.1. Biomechanical results 

Table 3 and Figure 8 highlight substantial gains in flexibility and range of 

motion across key joints. The hip joint showed the most significant improvement, 

particularly during the lunge movement, where the range increased by 7.7°, from 55.4° 

pre-training to 63.1° post-training. Similarly, the knee joint demonstrated notable 

improvements, with the range of motion in the lunge increasing by 6.6° and in the 

sidestep by 6.8°. The ankle joint also benefited, particularly during the sprint, where 

the range of motion increased by 6.5°, demonstrating enhanced lower limb flexibility 

and the ability to handle rapid directional changes efficiently. Table 4 and Figure 9 

illustrate improvements in stride length during badminton-specific movements. Post-

training results reveal increased stride length across all movement types, with the most 

significant gains observed in backpedal (rear court) and recovery steps, each showing 

an improvement of 0.12 m. These improvements suggest that the athletes could cover 

more distance with each movement, contributing to faster court coverage and 

enhanced mobility during rallies. 
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Table 3. Analysis of improvements in flexibility and range of motion. 

Joint Movement Pre-Training Range of Motion (°) Post-Training Range of Motion (°) Improvement (°) 

Hip 

Lunge 55.4° 63.1° +7.7° 

Sprint 67.9° 74.5° +6.6° 

Sidestep 40.8° 46.3° +5.5° 

Knee 

Lunge 78.2° 84.8° +6.6° 

Sprint 91.6° 97.9° +6.3° 

Sidestep 53.9° 60.7° +6.8° 

Ankle 

Lunge 32.7° 38.5° +5.8° 

Sprint 43.8° 50.3° +6.5° 

Sidestep 27.9° 34.2° +6.3° 

 

Figure 8. Improvements in flexibility and range of motion. 

Table 4. Stride length during badminton movements. 

Movement Type Pre-Training Stride Length (m) Post-Training Stride Length (m) Improvement (m) 

Lunge (Front Court) 1.46 m 1.58 m +0.12 m 

Lateral Sidestep (Mid Court) 1.38 m 1.49 m +0.11 m 

Backpedal (Rear Court) 1.52 m 1.64 m +0.12 m 

Quick-Step (Forecourt to Midcourt) 1.36 m 1.47 m +0.11 m 

Recovery Step (Post-Rally) 1.49 m 1.61 m +0.12 m 
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Figure 9. Improvements in stride length during badminton-specific movements. 

Table 5 and Figure 10 data present a significant reduction in GRF measurements 

during rapid decelerations and directional changes. Across all movements, including 

lunge deceleration, lateral sidesteps, and quick directional changes, there was an 

average reduction of 105 N in GRF. This indicates that the athletes experienced lower 

impact forces post-training, suggesting better control during fast transitions, likely 

reducing the risk of injury and improving overall stability during high-intensity play. 

Table 6 and Figure 11 demonstrate improvements in lower limb stability as indicated 

by the reduced Center of Pressure (CoP) shifts during high-speed movements. The 

most significant reduction in CoP shift occurred during lateral sidesteps, with a 

decrease of 2.1 cm, indicating better balance control. This was accompanied by a 

reduction in impact forces across all movement types, with the most significant 

decrease seen in backward deceleration, where the impact force dropped by 121 N. 

These improvements in stability and impact force reduction are crucial for maintaining 

agility and reducing the likelihood of injuries during quick transitions on the court. 

Table 5. Pre- and post-training ground reaction forces (GRF) measurements. 

Movement Type Pre-Training GRF (N) Post-Training GRF (N) Change in GRF (N) 

Lunge Deceleration (Front Court) 1521 N 1416 N −105 N 

Lateral Sidestep (Mid Court) 1398 N 1293 N −105 N 

Backward Deceleration (Rear Court) 1457 N 1342 N −115 N 

Quick Directional Change (Forecourt) 1317 N 1224 N −93 N 

Recovery Step (Post-Rally) 1376 N 1275 N −101 N 
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Figure 10. Reduction in GRF measurements pre- and post-training. 

Table 6. Analysis of lower limb stability and reduction of impact forces after VST. 

Movement Type 

Pre-Training 

Stability (CoP Shift 

in cm) 

Post-Training 

Stability (CoP Shift 

in cm) 

Reduction in 

CoP Shift (cm) 

Pre-Training 

Impact Force 

(N) 

Post-Training 

Impact Force 

(N) 

Reduction in 

Impact Force 

(N) 

Lunge (Front Court) 6.9 cm 4.8 cm −2.1 cm 1425 N 1311 N −114 N 

Lateral Sidestep 

(Mid Court) 
7.3 cm 5.2 cm −2.1 cm 1379 N 1268 N −111 N 

Backward 

Deceleration (Rear 

Court) 

6.6 cm 4.6 cm −2.0 cm 1443 N 1322 N −121 N 

Quick-Step 

(Forecourt) 
6.1 cm 4.3 cm −1.8 cm 1307 N 1209 N −98 N 

Recovery Step 

(Post-Rally) 
7.0 cm 5.1 cm −1.9 cm 1351 N 1247 N −104 N 

 

Figure 11. Analysis of lower limb stability. 
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Table 7 and Figure 12 highlight substantial maximum running speed and 

acceleration improvements. For example, during lunges, the athletes improved their 

maximum speed by 0.40 m/s, from 4.23 m/s to 4.63 m/s, while their acceleration 

increased by 0.27 m/s2. Similarly, lateral sidestep speed increased by 0.40 m/s, and 

acceleration improved by 0.30 m/s2. These improvements indicate that the VST 

program enhanced the athletes’ ability to move quickly and efficiently during 

gameplay, allowing for faster reaction times and better positioning. Table 8 and 

Figure 13 shows that the athletes became more efficient in transitioning between 

different speeds. The transition time from a rapid sprint to a controlled lunge improved 

by 0.11 s, from 0.84 s pre-training to 0.73 s post-training. Other transitions, such as 

sidestep to sprint and backward deceleration to recovery, also improved by 0.10-0.12 

s. This enhanced ability to transition between speeds is vital in badminton, where 

players frequently switch between high-intensity movements and controlled actions, 

such as netplay or defense. 

Table 7. Changes in maximum running speed and acceleration. 

Movement Type 

Pre-Training 

Max Speed 

(m/s) 

Post-Training 

Max Speed 

(m/s) 

Speed 

Improvement 

(m/s) 

Pre-Training 

Acceleration 

(m/s2) 

Post-Training 

Acceleration (m/s2) 

Acceleration 

Improvement 

(m/s2) 

Lunge (Front 

Court) 
4.23 m/s 4.63 m/s +0.40 m/s 2.12 m/s2 2.39 m/s2 +0.27 m/s2 

Lateral Sidestep 

(Mid Court) 
3.87 m/s 4.27 m/s +0.40 m/s 1.94 m/s2 2.24 m/s2 +0.30 m/s2 

Backward 

Deceleration (Rear 

Court) 

3.93 m/s 4.32 m/s +0.39 m/s 2.05 m/s2 2.33 m/s2 +0.28 m/s2 

Quick-Step 

(Forecourt to 

Midcourt) 

4.01 m/s 4.41 m/s +0.40 m/s 2.08 m/s2 2.36 m/s2 +0.28 m/s2 

Recovery Step 

(Post-Rally) 
3.96 m/s 4.35 m/s +0.39 m/s 1.99 m/s2 2.28 m/s2 +0.29 m/s2 

 

Figure 12. Running speed and acceleration analysis. 
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Table 8. Improved ability to transition between different speeds. 

Transition Type Pre-Training Time (s) Post-Training Time (s) Improvement (s) 

Rapid Sprint to Controlled Lunge 0.84 s 0.73 s +0.11 s 

Sidestep to Sprint (Mid Court) 0.76 s 0.66 s +0.10 s 

Backward Deceleration to Recovery 0.88 s 0.77 s +0.11 s 

Forecourt to Midcourt Transition 0.81 s 0.70 s +0.11 s 

Post-Rally Recovery to Sprint 0.87 s 0.75 s +0.12 s 

 

Figure 13. Ability to transition between different speeds. 

Table 9 and Figure 14 display improvements in the athletes’ reaction times in 

response to various on-court movements and shuttle direction changes. For instance, 

the reaction time for a forehand smash improved by 0.06 s, and for a backhand drop 

shot, it improved by 0.06 s as well. The most significant improvement was seen in 

cross-court defensive reactions, where the reaction time decreased by 0.07 s. These 

results suggest that the VST program significantly enhanced the athletes’ ability to 

react quickly to fast-paced gameplay, allowing for better decision-making and more 

effective defensive responses. 

Table 9. Comparison of reaction times in response to on-court movements and shuttle direction changes before and 

after VST. 

Movement Type Pre-Training Reaction Time (s) Post-Training Reaction Time (s) Improvement (s) 

Forehand Smash Reaction 0.42 s 0.36 s +0.06 s 

Backhand Drop Shot Reaction 0.47 s 0.41 s +0.06 s 

Lateral Sidestep Reaction 0.50 s 0.44 s +0.06 s 

NetPlay Reaction 0.39 s 0.33 s +0.06 s 

Cross-Court Defensive Reaction 0.53 s 0.46 s +0.07 s 
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Figure 14. Reaction time analysis. 

4.2. Tactical awareness results 

Table 10 and Figure 15 show substantial improvements in the decision-making 

speed of athletes across various game scenarios following the VST program. The 

athletes demonstrated quicker responses to in-game situations, particularly in 

defensive lunge decisions, where the decision-making speed improved by 0.16 s, from 

1.12 s pre-training to 0.96 s post-training. Similarly, the ability to respond to an 

opponent’s smash was faster by 0.14 s, highlighting the improved reaction time under 

high-pressure conditions. The most significant improvement was cross-court 

anticipation, where the decision-making speed increased by 0.17 s, indicating 

enhanced cognitive processing and faster responses to opponent tactics. These results 

demonstrate that the VST program helped athletes reduce their decision-making time 

across all scenarios, enhancing their ability to react quickly and strategically during 

gameplay. 

Table 10. Decision-Making speed. 

Scenario Type Pre-Training Decision-Making Speed (s) Post-Training Decision-Making Speed (s) Improvement (s) 

Opponent’s Smash Response 0.98 s 0.84 s +0.14 s 

Defensive Lunge Decision 1.12 s 0.96 s +0.16 s 

NetPlay Quick Response 0.89 s 0.75 s +0.14 s 

Cross-Court Anticipation 1.18 s 1.01 s +0.17 s 

Clear to Backcourt Decision 0.92 s 0.79 s +0.13 s 
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Figure 15. Decision-making analysis. 

Table 11 and Figure 16 highlight the athletes’ improved ability to maintain 

optimal court positioning after the VST intervention. Post-training, positioning during 

smashes saw an accuracy increase of 9.2%, from 72.4% pre-training to 81.6%, 

suggesting that the athletes could better predict and react to the opponent’s movements 

during offensive plays. The most significant improvement in spatial awareness was 

seen in positioning for drop shots, which increased by 9.5%. This indicates that 

athletes became more adept at anticipating the shuttle’s placement and positioning 

themselves effectively. Defensive scenarios, such as cross-court defensive play, also 

significantly improved (9.4%), highlighting the athletes’ enhanced ability to cover the 

court and maintain proper positioning during high-intensity defensive situations. 

Overall, spatial awareness improvements across all scenarios suggest that athletes 

were better able to read the game and maintain optimal positioning, contributing to 

more compelling gameplay. 

Table 11. Spatial awareness. 

Court Positioning 

Scenario 

Pre-Training Accuracy of Court 

Positioning (%) 

Post-Training Accuracy of Court 

Positioning (%) 

Improvement 

(%) 

Positioning during 

Smashes 
72.4% 81.6% +9.2% 

Positioning for Drop 

Shots 
68.3% 77.8% +9.5% 

Reaction to Net Play 74.1% 82.3% +8.2% 

Cross-Court Defensive 

Play 
65.7% 75.1% +9.4% 

Backcourt Clear 

Positioning 
71.5% 80.2% +8.7% 
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Figure 16. Spatial awareness analysis. 

Table 12 and Figure 17 illustrate improved selection accuracy across all 

significant shot types after VST training. The accuracy of forehand smashes increased 

by 7.7%, reflecting better control and precision in offensive plays. The most 

significant improvement was backhand drop shot accuracy, which increased by 8.7%, 

highlighting the athletes’ enhanced technical execution of more delicate shots. 

Similarly, cross-court precise accuracy improved by 8.3%, indicating better shot 

placement during defensive exchanges. Defensive shots, such as defensive lobs, saw 

a significant improvement of 9.0%, suggesting that athletes were better able to place 

shots strategically during rallies, helping them to recover and reposition. Overall, the 

VST program improved shot accuracy, allowing athletes to make more effective and 

precise matches during matches, improving tactical performance. 

Table 12. Shot selection accuracy. 

Shot Type Pre-Training Shot Accuracy (%) Post-Training Shot Accuracy (%) Improvement (%) 

Forehand Smash Accuracy 78.2% 85.9% +7.7% 

Backhand Drop Shot Accuracy 71.6% 80.3% +8.7% 

Cross-Court Clear Accuracy 69.8% 78.1% +8.3% 

NetPlay Shot Accuracy 73.4% 81.5% +8.1% 

Defensive Lob Accuracy 68.9% 77.9% +9.0% 
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Figure 17. Spatial awareness analysis. 

4.3. Endurance and cardiovascular results 

Table 13 reveals significant improvements in heart rate recovery after the VST 

intervention. At 30 s after an interval, the average heart rate decreased by 14 bpm, 

from 152 bpm pre-training to 138 bpm post-training. Similar improvements were seen 

at 60 and 90 s after intervals, with reductions of 14 bpm and 15 bpm, respectively. 

These results suggest that the athletes’ cardiovascular systems adapted to recover more 

efficiently after high-intensity activity. Faster heart rate recovery is an essential marker 

of improved cardiovascular fitness, allowing athletes to maintain performance during 

extended periods of play by recovering more quickly between bursts of effort. 

Table 13. Heart rate recovery between intervals. 

Time Point Pre-Training Recovery Heart Rate (bpm) Post-Training Recovery Heart Rate (bpm) Improvement (bpm) 

30 s after the interval 152 bpm 138 bpm +14 bpm 

60 s after the interval 135 bpm 121 bpm +14 bpm 

90 s after the interval 128 bpm 113 bpm +15 bpm 

As seen in Table 14, athletes’ heart rate during high-intensity play also showed 

significant reductions post-training, indicating improved endurance. In the first 5 min 

of play, the average heart rate dropped by 11 bpm, from 175 bpm pre-training to 164 

bpm post-training. This reduction continued throughout the 25-minute duration, with 

a decrease of 12 bpm observed during the 10–15-minute and 20–25-minute periods. 

These findings suggest that the athletes could sustain high-intensity effort for extended 

periods with less cardiovascular strain, a critical factor in maintaining performance 

during prolonged rallies and high-pressure situations. 
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Table 14. Heart rate during High-Intensity play. 

Activity Duration Pre-Training Heart Rate (bpm) Post-Training Heart Rate (bpm) Improvement (bpm) 

First 5 min 175 bpm 164 bpm +11 bpm 

10–15 min 182 bpm 170 bpm +12 bpm 

20–25 min 188 bpm 176 bpm +12 bpm 

Table 15 highlights improvements in the athletes’ fatigue resistance following 

the VST program. The average number of shots in extended rallies increased by 7 

shots, from 21 pre-training to 28 post-training, indicating enhanced endurance and the 

ability to maintain high performance during long rallies, and the athletes’ reaction time 

in extended rallies improved by 0.11 s, further supporting the notion that they could 

maintain cognitive sharpness even under physical fatigue. Shot accuracy during high-

pressure play improved by 8.4%, suggesting that the athletes could execute technically 

precise shots even as fatigued. Lastly, court coverage in the final 10 min of high-

intensity play increased by 8.4%, reflecting better movement efficiency and sustained 

agility, crucial for maintaining defensive and offensive positioning late into a match. 

Table 15. Fatigue resistance. 

Performance Metric Pre-Training Value Post-Training Value Improvement 

Average Number of Shots in Extended Rally 21 shots 28 shots +7 shots 

Reaction Time in Extended Rally (s) 0.58 s 0.47 s +0.11 s 

Shot Accuracy in High-Pressure Play (%) 67.8% 76.2% +8.4% 

Court Coverage in Last 10 Min (%) 69.1% 77.5% +8.4% 

4.4. Overall performance improvements 

Table 16 presents the results of the improvements in footwork efficiency after 

the VST training. The data demonstrates significant gains in footwork speed across all 

movement types. For instance, during the lunge (front court) movement, the athletes 

improved their footwork speed by 0.21 m/s, from 2.16 m/s pre-training to 2.37 m/s 

post-training. Similar improvements were seen across lateral sidesteps, backward, and 

recovery steps, with speed increases of 0.20–0.21 m/s, reflecting enhanced agility and 

quicker court coverage. Additionally, the balance of the athletes, as measured by the 

Center of Pressure (CoP) shift, showed considerable improvements. An enormous 

improvement was noted in the lateral sidestep (mid-court) movement, where CoP shift 

was reduced by 2.2 cm, from 7.3 cm pre-training to 5.1 cm post-training, indicating 

better control and stability during high-speed lateral movements. Overall, these results 

suggest that VST training contributed to faster and more stable footwork, enabling the 

athletes to move quickly and maintain balance during rapid directional changes, which 

is crucial in badminton. 
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Table 16. Footwork efficiency. 

Movement Type 

Pre-Training 

Footwork Speed 

(m/s) 

Post-Training 

Footwork Speed 

(m/s) 

Improvement in 

Speed (m/s) 

Pre-Training 

Balance (CoP 

Shift in cm) 

Post-Training 

Balance (CoP 

Shift in cm) 

Improvement in 

Balance (cm) 

Lunge (Front 

Court) 
2.16 m/s 2.37 m/s +0.21 m/s 6.8 cm 4.9 cm +1.9 cm 

Lateral Sidestep 

(Mid Court) 
2.02 m/s 2.23 m/s +0.21 m/s 7.3 cm 5.1 cm +2.2 cm 

Backward Step 

(Rear Court) 
2.11 m/s 2.31 m/s +0.20 m/s 6.7 cm 4.8 cm +1.9 cm 

Forecourt to 

Midcourt 

Movement 

2.08 m/s 2.28 m/s +0.20 m/s 6.5 cm 4.7 cm +1.8 cm 

Recovery Step 

(Post-Rally) 
2.10 m/s 2.30 m/s +0.20 m/s 7.0 cm 5.2 cm +1.8 cm 

Table 17 and Figure 18 highlight the improvements in time to stabilization, 

showing how quickly athletes regained stability after rapid movements or directional 

changes. Post-training, the time to stabilization decreased across all movement types. 

The most significant improvement was observed in the recovery step (post-rally), 

where the stabilization time decreased by 0.20 s, from 1.23 s pre-training to 1.03 s 

post-training. Similarly, lateral sidesteps and backward decelerations also saw 

improvements of 0.19 s each, reflecting the athletes’ enhanced ability to regain balance 

and control after high-speed actions. These reductions in stabilization time are 

significant in badminton, where players must frequently recover quickly after rapid 

movements to prepare for the next shot. Faster stabilization times indicate improved 

neuromuscular coordination and control, allowing athletes to transition more 

efficiently between movements and maintain a competitive advantage during rallies. 

 

Figure 18. Footwork efficiency analysis. 
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Table 17. Time to stabilization. 

Movement Type 
Pre-Training Time to 

Stabilization (s) 

Post-Training Time to 

Stabilization (s) 

Improvement in Stability 

Time (s) 

Lunge Deceleration (Front 

Court) 
1.14 s 0.96 s +0.18 s 

Lateral Sidestep (Mid Court) 1.21 s 1.02 s +0.19 s 

Backward Deceleration (Rear 

Court) 
1.19 s 1.00 s +0.19 s 

Quick-Step (Forecourt to 

Midcourt) 
1.11 s 0.94 s +0.17 s 

Recovery Step (Post-Rally) 1.23 s 1.03 s +0.20 s 

4.5. Statistical significance of improvements 

Table 18 and Figure 19 present the results of the paired t-tests, showing 

significant improvements across all variables after the VST intervention. For joint 

angles, the hip joint angle during lunges improved by 7.7°, with a t-value of 4.72 and 

a p-value of 0.001, indicating a highly significant improvement. Similarly, the knee 

joint angle during sprints increased by 6.3°, and the ankle joint angle during sidesteps 

increased by 6.3°, with p-values of 0.001, demonstrating significant gains in range of 

motion and flexibility. Regarding movement efficiency, the stride length during lunges 

improved by 0.12 m, with a t-value of 3.89, showing significant enhancements in 

mobility. The reduction in GRF during lateral sidesteps by 105 N (t-value 4.17) 

highlights a significant decrease in impact forces, indicating better control during rapid 

movements and reduced injury risk. For cognitive performance, decision-making 

speed during net play improved by 0.14 s (t-value 4.94), demonstrating faster 

responses in tactical situations. 

 

Figure 19. Paired t-test analysis. 

 



Molecular & Cellular Biomechanics 2024, 21(4), 565.  

24 

Table 18. Paired t-test results. 

Variable 
Mean  

Pre-Training 

Mean  

Post-Training 

Mean 

Difference 
t-value p-value 

Significance (p < 

0.05) 

Hip Joint Angle (Lunge) 55.4° 63.1° +7.7° 4.72 0.001 Significant 

Knee Joint Angle (Sprint) 91.6° 97.9° +6.3° 4.05 0.001 Significant 

Ankle Joint Angle 

(Sidestep) 
27.9° 34.2° +6.3° 4.60 0.001 Significant 

Stride Length (Lunge) 1.46 m 1.58 m +0.12 m 3.89 0.002 Significant 

GRF (Lateral Sidestep) 1398 N 1293 N −105 N 4.17 0.001 Significant 

Decision-Making Speed 

(Net Play) 
0.89 s 0.75 s −0.14 s 4.94 0.000 Significant 

Reaction Time (Smash) 0.42 s 0.36 s −0.06 s 4.23 0.001 Significant 

Shot Accuracy (Smash) 78.2% 85.9% +7.7% 4.10 0.002 Significant 

Shot Accuracy (Drop Shot) 71.6% 80.3% +8.7% 4.21 0.001 Significant 

Time to Stabilization 

(Sidestep) 
1.21 s 1.02 s −0.19 s 4.35 0.001 Significant 

Heart Rate Recovery (60 s) 135 bpm 121 bpm −14 bpm 4.47 0.001 Significant 

Reaction Time (Defensive 

Lunge) 
0.47 s 0.41 s −0.06 s 3.85 0.002 Significant 

Spatial Awareness 

(Positioning) 
72.4% 81.6% +9.2% 4.05 0.001 Significant 

Similarly, reaction time during smashes improved by 0.06 s (t-value 4.23), 

showing enhanced reaction speed in high-pressure moments. In shot accuracy, smash 

accuracy improved by 7.7%, and drop shot accuracy improved by 8.7%, both 

statistically significant, reflecting greater precision in execution during play. 

Additionally, time to stabilization during sidesteps decreased by 0.19 s, indicating 

faster recovery from rapid movements, which is crucial for maintaining balance during 

intense rallies. Lastly, heart rate recovery showed significant improvement, with a 

reduction of 14 bpm in recovery heart rate after 60 s (t-value 4.47), suggesting 

enhanced cardiovascular fitness. Spatial awareness, measured by positioning accuracy, 

increased by 9.2%, demonstrating better court coverage and strategic play. 

Table 19 and Figure 20 present Cohen’s d-effect size calculations, which 

quantify the magnitude of the improvements. Most variables show large effect sizes 

(Cohen’s d > 0.80), indicating substantial improvements. Notably, decision-making 

speed during net play had the most significant effect size (1.15), showing that the VST 

program profoundly impacted cognitive decision-making under pressure. Similarly, 

improvements in heart rate recovery (d = 0.95), GRF during lateral sidesteps (d = 0.91), 

and shot accuracy (d = 0.84 for smashes and 0.91 for drop shots) reflect the 

effectiveness of VST in enhancing both physical and tactical performance. Moderate 

effect sizes were observed in stride length during lunges (d = 0.72) and reaction time 

during defensive lunges (d = 0.78), indicating meaningful but slightly smaller 

improvements than the other metrics. 
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Table 19. Effect size calculations (Cohen’s d). 

Variable Effect Size (Cohen’s d) Magnitude of Effect 

Hip Joint Angle (Lunge) 0.94 Large 

Knee Joint Angle (Sprint) 0.84 Large 

Ankle Joint Angle (Sidestep) 0.88 Large 

Stride Length (Lunge) 0.72 Moderate 

GRF (Lateral Sidestep) 0.91 Large 

Decision-Making Speed (Net Play) 1.15 Large 

Reaction Time (Smash) 0.89 Large 

Shot Accuracy (Smash) 0.84 Large 

Shot Accuracy (Drop Shot) 0.91 Large 

Time to Stabilization (Sidestep) 0.87 Large 

Heart Rate Recovery (60 s) 0.95 Large 

Reaction Time (Defensive Lunge) 0.78 Moderate 

Spatial Awareness (Positioning) 0.92 Large 

 

Figure 20. Cohen’s d analysis. 

5. Conclusion and future works 

This study demonstrates that VST is a highly effective method for enhancing 

badminton performance’s physical and cognitive aspects. Focusing on the dynamic 

interplay between biomechanics and tactical awareness, this research provides 

valuable insights into how varying running intensities can improve key aspects of 

movement efficiency, decision-making, and cardiovascular endurance in college-level 

badminton athletes. The significant improvements in joint angles, stride length, and 

GRF) indicate that VST contributes to better movement control and reduced injury 

risk, particularly during high-intensity rallies and rapid directional changes. The 

enhanced flexibility and stability in key joints, such as the hip, knee, and ankle, reflect 
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the athletes’ increased ability to execute complex movements with greater precision 

and reduced impact forces. Moreover, the cognitive benefits of VST are evident in the 

improvements in decision-making speed, reaction time, and spatial awareness. Faster 

decision-making under pressure and better shot accuracy and court positioning 

demonstrate that VST improves physical capabilities and sharpens the athletes’ 

tactical awareness. These cognitive gains are essential for competitive performance in 

fast-paced, high-stakes badminton matches. The cardiovascular analysis further 

highlights the benefits of VST, with improvements in heart rate recovery and fatigue 

resistance indicating better endurance and the ability to sustain high-intensity play 

over longer durations. This is particularly important in badminton, where prolonged 

rallies require both physical stamina and mental focus. Overall, the findings of this 

study underscore the importance of integrating VST into badminton training regimens. 

By addressing physical and cognitive elements, VST offers a holistic approach to 

improving athletic performance, making it a valuable tool for coaches and athletes 

aiming to gain a competitive edge. Future research should explore the long-term 

effects of VST and its application in other sports to further the understanding of its 

benefits across different athletic contexts. 
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