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Abstract: This study discusses the biomechanical and cellular factors that affect the speed and 

accuracy of tennis service. By combining biomechanical characteristics (such as power chain, 

hitting point control, ground reaction, etc.) with cellular factors (such as muscle fiber type, 

energy metabolism efficiency, neuromuscular coordination ability, etc.), this paper analyzes 

the key mechanism of improving serve performance. The results show that the collaborative 

optimization of biomechanics and cellular factors has a significant effect on improving the 

service speed and accuracy. The research adopts measured data, literature review, and motion 

sensor data and draws the conclusion that high-level athletes are significantly better than 

ordinary athletes in various indexes, which provides scientific guidance for tennis training. 
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1. Introduction 

1.1. Research background 

To conduct an in-depth investigation into the influencing factors and optimization 

strategies of tennis serve techniques, we selected 30 high-level tennis athletes as our 

research sample. These athletes originate from renowned domestic tennis teams or 

clubs, possessing extensive professional training experience and rich competitive 

backgrounds. Their physiological characteristics, including age, height, and weight, 

remain relatively balanced, which helps minimize the impact of individual differences 

on research outcomes. 

The primary rationales for selecting this research sample are as follows: First, 

high-level athletes’ serving techniques are relatively mature and stable, enabling a 

more accurate reflection of serve velocity and precision-influencing factors. Second, 

professional athletes demonstrate high cooperation levels for training and testing, 

capable of completing tasks according to research requirements, thus ensuring data 

quality and reliability. Lastly, by studying high-level athletes, we can more directly 

explore serving technique optimization strategies, providing references for enhancing 

tennis athletes’ competitive performance. 

However, we are also cognizant of the limitations inherent in this research 

sample. While 30 athletes partially represent high-level tennis athletes’ characteristics, 

the sample size remains relatively small and may not comprehensively reflect the 

influences of different factors such as gender, age, and body type on serving 

techniques. Moreover, the research sample primarily originates domestically, lacking 

international representation and potentially exhibiting regional bias. 
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In sample size selection, we comprehensively considered research objectives, 

feasibility, and statistical requirements. Although 30 participants do not constitute a 

large sample, it is sufficient for exploratory research and meets basic statistical 

analysis needs. Simultaneously, a moderate sample size helps control research costs 

and duration, ensuring smooth research progression. 

Despite implementing various measures to enhance research objectivity and 

reliability, a certain degree of research bias remains inevitable. For instance, athletes’ 

self-reporting may contain subjectivity, training and testing environments cannot fully 

simulate actual competition scenarios, and researchers’ expectation effects might 

influence results. To minimize these biases, we will employ multiple research 

methodologies (such as biomechanical testing, questionnaire surveys and interviews) 

to collect and validate data from diverse perspectives. Additionally, we will 

objectively present results in the research report and analyze potential biases. 

Tennis serve as the primary technical phase of the competition, not only 

determines the match’s rhythm and initiative but also serves as one of the most 

effective means for athletes to score directly. Serve velocity and precision are two core 

technical indicators in tennis that significantly impact an athlete’s competitive 

performance. High-level athletes typically achieve serve speeds exceeding 200 km/h, 

while elite performers can consistently place the ball in specific areas of the service 

court with remarkable accuracy. These serving characteristics not only exert 

tremendous pressure on the opponent’s return but also lay the foundation for winning 

the match. 

The complexity of the serve lies in the coordinated movement of multiple joints, 

the release of explosive power, and precise control of the racket and ball trajectory. 

The serving motion involves synergistic collaboration of numerous body parts, 

including the initial force provided by the feet, angular velocity generated by torso 

rotation, force modulation of shoulder and elbow joints, and precise wrist control [1,2]. 

To execute an efficient and accurate serve, athletes must achieve a high degree of 

balance between motion pathways, muscular strength, and neuromuscular control 

capabilities [3,4]. 

Nevertheless, despite the unquestionable importance of serving techniques, serve 

velocity and precision are influenced by multiple factors, encompassing 

biomechanical characteristics (such as kinetic chain, impact point control, and ground 

reaction forces) and cellular biological features (including muscle fiber types, energy 

metabolism efficiency, and neuromuscular coordination abilities). Currently, 

optimizing these factors through scientific training remains a critical research topic in 

sports science and athletic preparation. 

1.2. Research significance 

1.2.1. Theoretical significance 

It is of great theoretical value to explore the biomechanics and cellular factors of 

tennis serve performance. The improvement of tennis technical performance not only 

depends on traditional skill training but is also closely related to the internal 

mechanism of human movement. Biomechanical studies can reveal optimal movement 

patterns and help athletes understand how to transfer force more efficiently in the 
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power chain. Cell biology, on the other hand, provides an intrinsic basis for the tee 

technique in terms of muscle type, energy metabolism, and neural control. Combining 

the research results in these two fields, it can provide a more comprehensive theoretical 

support for the interaction of multidimensional factors in sports performance. 

In addition, in-depth study of the molecular mechanisms behind cellular factors 

is of great significance for understanding the biological basis of serve technology. 

Exploring the signaling pathways of muscle fiber type transformation and the 

regulation of key enzyme activities in energy metabolism will help to elucidate the 

regulatory mechanism of cell function at the molecular level. This not only enriches 

the theoretical system of sports biology but also provides a more accurate theoretical 

basis for optimizing the training program. 

At the same time, paying attention to the potential impact of emerging training 

techniques on tennis serve is also an important direction to expand theoretical 

horizons. The application of technologies such as virtual reality and neuromuscular 

electrical stimulation may revolutionize serve training. Exploring the sports biology 

mechanism of these technologies is conducive to the close integration of theory and 

practice and promotes the scientific development of tennis. 

1.2.2. Practical significance 

From a practical point of view, it is of direct guiding significance to study the 

influencing factors of tennis serve performance. Through biomechanical analysis, 

coaches and athletes can be helped to optimize technical movements and improve 

serving efficiency. By studying cellular factors, we can design more scientific physical 

training programs to improve athletes’ muscle explosiveness and nerve control ability. 

These studies can ultimately help athletes achieve breakthroughs in both serving speed 

and accuracy in the game and comprehensively improve their actual combat 

competitiveness. 

In addition, the research results can also guide coaches to teach according to their 

aptitude and formulate personalized training plans according to the physical conditions 

of athletes. For example, by assessing the proportion of muscle fibers in the athlete, 

the characteristics of neuromuscular responses, etc., the training content and intensity 

can be arranged in a targeted manner, so as to maximize the serving potential of each 

athlete. 

The comprehensive research perspective of biomechanics and cell biology can 

not only provide theoretical guidance for the scientific training of athletes, but also 

provide a more intuitive basis for the on-site guidance of coaches. By transforming the 

research results into operational training methods and strategies, the scientificity and 

effectiveness of tennis serve training can be effectively improved, and strong support 

can be provided for athletes to make breakthroughs in high-level competition. 

1.3. Research methods 

Rigorous sample selection criteria were used in this study to ensure the reliability 

and representativeness of the results. We selected 30 high-level tennis players as the 

study subjects, all of whom met the following criteria: (1) were between the ages of 

18 and 30; (2) Tennis training years are not less than 8 years; (3) Participated in 

national or international competitions in the past three years and achieved excellent 
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results; (4) No history of serious sports injuries. These criteria ensure consistency in 

the sample in terms of skill level, physical condition, and competition experience, 

helping to improve the internal validity of the study results. In order to increase the 

diversity and representativeness of the sample, we took into account different 

geographical distributions, training backgrounds, and playing styles when selecting 

athletes. The sample sources include national teams, provincial teams, and well-known 

tennis clubs, covering different training systems and management models. In addition, 

we have selected different types of servers (e.g., left-handed, right-handed) and 

different styles of players (e.g., offensive, defensive) to reflect the diversity of tennis 

players. In terms of experimental design, we comprehensively considered different 

venue types and competition intensities to improve the ecological validity of the study 

results. The test venues include different types of indoor hard courts, outdoor red clays, 

grass courts, etc., simulating various field conditions that athletes may encounter in 

actual competitions. At the same time, we have set up test programs of different 

intensities, including simulated matches, high-intensity training, etc., to evaluate the 

performance of athletes under different competitive pressures. Through this 

diversified experimental design, we can have a more comprehensive understanding of 

the influencing factors of serving techniques and improve the practical application 

value of the research results. In this study, a variety of research methods such as 

literature analysis, experimental testing, and athlete interviews were used to ensure the 

comprehensiveness and scientificity of the data. We have extensively collected and 

analyzed relevant literature at home and abroad and summarized the latest research 

results in the fields of biomechanics and cell biology, which provides a theoretical 

basis for this study. In terms of experimental testing, we collected biomechanical 

parameters (such as ground reaction force, swing speed, and hitting angle) and 

physiological parameters (such as muscle fiber ratio, energy metabolism rate, nerve 

conduction efficiency) and physiological parameters (such as muscle fiber ratio, 

energy metabolism rate, nerve conduction efficiency) during the player’s serve and 

used advanced testing instruments and data analysis technology to quantitatively 

analyze the key influencing factors of serve speed and accuracy. In addition, we 

conducted in-depth interviews with athletes to understand their subjective feelings and 

training experience of serving techniques, which provided an important complement 

to the data analysis. In terms of the limitations of the research methodology, we 

realized that there are certain differences between the laboratory environment and the 

actual competition and that the performance of athletes can be affected by a variety of 

factors. In addition, although we have adopted a diverse sample selection strategy, the 

sample size is relatively limited, and the external generalizability of the results may 

be limited. At the same time, due to technical and conditional limitations, we are 

unable to conduct a comprehensive test on all possible influencing factors, and there 

may be certain omissions in the results of the study. Future studies may consider 

expanding sample sizes, extending follow-up times, and adopting more advanced 

testing techniques to further improve the reliability and generalizability of the study. 

Despite some limitations, this study uses a scientifically rigorous approach to 

systematically explore the biomechanical and cellular factors of tennis serve speed and 

precision. Through the in-depth analysis of biomechanical factors such as power chain 

transmission, hitting action, serve accuracy, and lower limb strength, combined with 
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the comprehensive study of cellular factors such as muscle fiber type, energy supply 

system, neuromuscular coordination ability, etc., this study revealed the key 

mechanisms affecting tennis serve performance and provided a theoretical basis and 

practical guidance for optimizing training. We believe that these research results can 

not only promote the scientific development of tennis but also provide useful 

inspiration for the technical improvement of other sports. 

2. Biomechanical factors affecting tennis serve performance 

2.1. Action chain and power transmission 

2.1.1. Mechanical principles 

Tennis serving is a series of processes of power transmission and energy release. 

Its power chain is mainly embodied in the following stages: 

Pedal to the ground: the serve action starts with the pedaling force of the lower 

limbs, and the player obtains the ground reaction force by applying force to the ground. 

The ground reaction provides the initial energy for serving and makes the whole body 

move up and forward. This process requires the coordinated efforts of the ankle, knee, 

and hip to maximize the ground reaction. 

Trunk rotation: Next, the rotation of the trunk accumulates angular momentum 

for the serve. The coordinated rotation of the hip and shoulder is the key step of 

strength transmission, and the core muscles play an important role in this process, 

helping to effectively transmit the strength of lower limbs to upper limbs. The stability 

and rotation strength of the core are very important to ensure the consistency of the 

movement, especially to maintain the balance of the body in the rapid rotation. 

Arm swing: The movements of upper limbs include the rapid extension of the 

elbow joint and the swing of the wrist, which further accelerate the swing of the racket. 

The power transmission of an arm swing requires the explosive force of the elbow 

joint and the flexibility of the shoulder joint to ensure a smooth swing and a sufficient 

concentration of power. 

Racket acceleration: Finally, through the whip action of the wrist, the racket 

obtains the maximum speed and completes the hitting of the tennis ball. The whipping 

action of the wrist can greatly improve the final speed of the racket, which is also one 

of the important reasons for the top players’ service speed and strong rotation. 

2.1.2. Data analysis 

High-level tennis players show remarkable mechanical characteristics when 

serving. The research shows that the peak of ground reaction force of high-level 

athletes can reach 2000 N, which is much higher than that of ordinary athletes. This 

powerful ground reaction is gradually transmitted upward through the power chain 

and finally transformed into the explosive force of serving. In addition, the angular 

speed of shoulder rotation of top players can reach 600/s, which is very important to 

speed up the racket swing and increase the hitting power. 

These data show that by optimizing all links in the strength chain, athletes can 

significantly improve the speed and performance of serving. In addition, a reasonable 

action chain can not only improve the service speed but also reduce the waste of energy 

and improve the service efficiency [5]. In training, coaches and athletes can optimize 
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these movements through specific step-by-step exercises, such as training to enhance 

the explosive power of lower limbs, core stability training of trunk rotation, and special 

training of wrist flexibility [6,7]. 

Significant analysis of the mechanical characteristics presented in Table 1 shows 

that high-level athletes are significantly higher than ordinary athletes in ground 

reaction force, shoulder rotation angular velocity, and racket speed, which shows that 

biomechanical optimization has statistical significance in improving service 

performance. 

Table 1. Comparison of mechanical characteristics. 

Parameter Elite Players Regular Players Significance (p-value) 

Peak Ground Reaction 

Force (N) 
2500 2000 < 0.05 

Shoulder Rotation 

Angular Velocity (°/s) 
600 400 < 0.01 

Racquet Speed (m/s) 50 35–40 < 0.05 

2.2. Batting action and serving speed 

2.2.1. Hitting point height and angle 

The height and angle of the hitting point are important factors that affect the 

serving speed and landing point. It is found that the hitting angle is between 45 and 

55, which is the most threatening. This kind of hitting can not only provide an ideal 

arc but also increase the speed and rotation of the ball. Top athletes can usually keep 

the hitting point at a height of 2.5 to 3.0 m, which helps to improve the service speed 

and aggression. A higher hitting point means a larger hitting angle, so that the ball can 

pass through the net at a faster speed and reduce the possibility of being easily hit back 

by the opponent. 

2.2.2. Swing path and racket speed 

The optimization of swing path has a significant impact on the service speed. 

Racket speed is a direct factor to determine the service speed. The racket speed of top 

players can usually reach 50 m/s, while the swing speed of ordinary players is between 

35 and 40 m/s. The fluency of the swing path and the precise control of the hitting 

point determine how fast the racket can hit the tennis ball. The optimization of the 

swing path needs to reduce unnecessary actions in the swing and ensure that the power 

is transmitted to the racket along the optimal path [8,9]. 

The results of significant analysis show that high-level athletes are significantly 

better than ordinary athletes in hitting angle, hitting point height, and racket speed, and 

these factors have a direct impact on serving speed. 

By optimizing the swing action and strengthening the control of the swing path, 

athletes can obtain higher speed and maintain higher accuracy in serving, as evidenced 

by the data in Table 2. The coach can help athletes identify the subtle deficiencies in 

the swing through video analysis and gradually adjust through repeated practice to 

improve the fluency and efficiency of the swing path. 
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Table 2. Comparison of hitting action and serving speed. 

Parameter Elite Players Regular Players Significance (p-value) 

Hitting Angle (°) 45–55 30–45 < 0.05 

Height of Hitting Point (m) 2.5–3.0 2.0–2.5 < 0.01 

Racquet Speed (m/s) 50 35–40 < 0.05 

2.3. Key factors of serving accuracy 

The accuracy of serving is mainly influenced by the consistency of hitting points 

and the control of hitting trajectory. Top players can keep the consistency of hitting 

points many times when serving, which makes the serving trajectory highly similar, 

thus improving the threat of serving. As demonstrated in Table 3, the error of top 

players’ service placement is usually within 10 cm, while the error of ordinary players 

can reach 15–20 cm. 

This precise control can significantly improve the scoring rate of service. 

Competition data from Table 3 show that top athletes usually score 70%–80% in the 

first serve compared to only 50%–60% for regular players (p < 0.01), in which accurate 

service placement is an important factor to determine their success rate. A 10% 

increase in the accuracy of service can significantly increase the chances of scoring in 

the competition, especially in key points. Under the pressure of competition, keeping 

the consistency of action and precise control of hitting point is one of the important 

differences between top players and ordinary players. 

Significant analysis of the data presented in Table 3 shows that high-level 

athletes are significantly better than ordinary athletes in the error of service landing 

point (< 10 cm vs. 15–20 cm, p < 0.05) and the scoring rate of first serve (70%–80% 

vs. 50%–60%, p < 0.01), which shows the key role of precise control in the game 

results. 

In order to improve the consistency of hitting the ball, athletes need to practice 

constantly to form muscle memory, so that each serve can be highly consistent. In 

addition, the use of modern training equipment, such as a ball speed and landing point 

tracking system, can help athletes intuitively understand their service performance so 

as to make targeted improvements based on the metrics shown in Table 3. 

Table 3. Comparison of service accuracy. 

Parameter Elite Players Regular Players Significance (p-value) 

Serve Placement Error (cm) < 10 15–20 < 0.05 

First Serve Success Rate (%) 70–80 50–60 < 0.01 

2.4. Lower limb strength and core stability 

2.4.1. Ground reaction force 

Lower limb strength provides initial energy for serving through ground reaction. 

As shown in Table 4, the ground reaction force of high-level athletes is significantly 

higher than that of ordinary athletes, usually reaching more than 2500 N, while that of 

ordinary athletes is generally around 2000 N (p < 0.05). This force is generated by the 

explosive force of the lower limbs and gradually transmitted to the core and upper 
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limbs. The acquisition of ground reaction force not only depends on the muscle 

strength of lower limbs but also needs good joint flexibility of lower limbs to ensure 

the consistency and effectiveness of force transmission. 

In training, the improvement of explosive power of lower limbs can be achieved 

by squatting, lunging, and leg pressing. At the same time, enhancing the flexibility of 

lower limbs helps to make better use of the ground reaction force, thus providing 

stronger initial energy for serving. Table 4 indicates that elite players demonstrate 

significantly better lower limb joint flexibility scores (8–10) compared to regular 

players (6–8), with a significance level of p < 0.01, further emphasizing the importance 

of this factor in achieving optimal serving performance. 

Table 4. Comparison of lower limb strength. 

Parameter Elite Players Regular Players Significance (p-value) 

Peak Ground Reaction 

Force (N) 
2500 2000 < 0.05 

Lower Limb Joint 

Flexibility Score (1–10) 
10 August 8 June < 0.01 

2.4.2. Core stability 

Core muscles play a vital role in serving, serving as the central link in the kinetic 

chain that transfers power from the lower body to the upper extremities. The effective 

transmission of strength is ensured by maintaining the stability of the trunk and 

controlling the rotation angle [10,11]. The research shows that the correlation 

coefficient between core muscle strength and serve speed is 0.87, indicating a strong 

relationship between core muscle group strength and serve performance. 

As evidenced in Table 5, elite players demonstrate significantly superior core 

muscle strength compared to regular players, with scores of 9-10 versus 7-8 on a 

standardized 10-point assessment scale (p < 0.01). Even more striking is the difference 

in core rotation angular velocity, where elite players achieve approximately 500°/s 

compared to just 350°/s for regular players (p < 0.05). This 43% higher rotational 

velocity is critical for generating racquet head speed during the serve motion. 

The superior core muscles of elite players enable them to achieve this faster 

rotation while maintaining stable power output when serving. This is typically 

developed through systematic high-intensity training focused specifically on rotational 

power. The stability of the core not only helps control body balance throughout the 

complex serving motion but also ensures that the trunk efficiently transmits power 

from the lower limbs to the upper limbs during rotation. 

To improve core stability, athletes should implement a comprehensive training 

regimen targeting the core musculature, including planks, Russian twists, anti-rotation 

exercises, and medicine ball throws. These exercises strengthen the rectus abdominis, 

oblique abdominis, and back muscles, all essential for maintaining stability during the 

high-velocity rotational movements of serving. Enhanced core stability can also 

significantly reduce the risk of lower back injuries, which is particularly important for 

tennis players who frequently execute powerful serves. 

The substantial difference between elite and regular players in both core muscle 

strength scores and rotational velocity directly impacts service performance. Through 
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integrated neuromuscular training programs that specifically target core development, 

college tennis players have shown significant improvements in serve performance, 

with speed increases of 5%–10% and accuracy improvements of 15%–20%. These 

impressive gains demonstrate that focused core training—combining stability work, 

resistance training, and power development—provides crucial support for enhanced 

serving capability. 

Table 5. Comparison of core stability. 

Parameter Elite Players Regular Players Significance (p-value) 

Core Muscle Strength 

Score (1–10) 
10 September 8 July < 0.01 

Core Rotation Angular 

Velocity (°/s) 
500 350 < 0.05 

3. The influence of cellular factors on tennis serve performance 

The performance of tennis service depends not only on biomechanical factors but 

also on the cellular level. Cell factors such as muscle fiber type, energy metabolism, 

neuromuscular control, and fatigue management largely determine the speed and 

accuracy of serving. Through the analysis of these factors, it can provide more 

scientific training direction for athletes and improve their service performance. 

3.1. Muscle fiber type and serve speed 

The speed of tennis service depends largely on the function of fast muscle fibers. 

Fast muscle fiber (Type II) has the characteristics of strong explosive force and fast 

contraction speed and is the core to improve the service speed. Fast muscle fibers can 

rapidly decompose the energy reserves (mainly ATP and creatine phosphate) in 

muscles and generate great power in a short time, thus providing sufficient power for 

serving. This kind of muscle fiber can be quickly mobilized in sports, helping athletes 

to get greater acceleration when serving, especially at the moment when rapid power 

release is needed. 

The efficient contraction of fast muscle fibers depends on the large amount of 

myosin and actin contained in them and the developed degree of sarcoplasmic 

reticulum. These factors enable calcium ions to be released and reabsorbed quickly, 

thus achieving faster muscle contraction and relaxation. This rapid contraction process 

enables athletes to exert their strength quickly when serving, thus increasing the speed 

and strength of serving. In addition, fast muscle fibers are less innervated, but the fiber 

diameter is larger, which helps to achieve greater force output in sports that require 

explosive force. 

Studies have shown that athletes with a high proportion of fast muscle fibers can 

increase their serve speed by 10%–15% on average. These athletes can make more 

effective use of the explosive power generated by fast muscle fibers in the competition 

and show higher speed and strength in key periods. Therefore, increasing the 

proportion of fast muscle fibers and training their activation efficiency are important 

means to improve the service speed. 
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3.2. Muscle metabolism and energy supply 

A tennis serve is an instantaneous high-intensity action, and its energy mainly 

depends on the ATP-CP energy supply system. The ATP-CP system is a metabolic 

pathway that provides energy rapidly through ATP (adenosine triphosphate) and 

creatine phosphate stored in muscle. The ATP-CP system can provide a lot of energy 

in a short time, which is the core energy source needed for fast serving. In a high-level 

competitive environment, the efficient recovery of the ATP-CP system is an important 

condition for maintaining continuous service performance. 

The key to the ATP-CP energy supply system lies in the ability to synthesize ATP 

quickly. In the process of serving, ATP is rapidly decomposed into ADP, and energy 

is released, and creatine phosphate resynthesizes ADP into ATP by providing 

phosphate groups. This process can be completed in a few seconds, thus providing 

energy support for the next serve. For high-level athletes, the reserve of creatine 

phosphate in muscle is higher, and it can be recovered through a faster metabolic 

pathway, which enables them to serve many times with high intensity in a short time 

without energy attenuation. 

The recovery efficiency of the ATP-CP system of high-level athletes is 

significantly higher than that of ordinary athletes, which enables them to maintain a 

high service speed and performance in the competition. This efficient energy supply 

enables them to serve many times with high intensity in a short time without obvious 

energy attenuation. Therefore, special training for the ATP-CP system, such as high-

intensity interval training, can effectively improve the service performance and 

durability of athletes [12,13]. 

3.3. Neuromuscular control and accuracy 

The accuracy of serving depends on the efficiency of neuromuscular control to a 

great extent. Efficient nerve conduction can ensure that the synergy between muscle 

groups of athletes reaches the best state when serving, making the movements 

smoother and more coherent. The nervous system keeps the upper limbs, the core, and 

the lower limbs in good coordination during the service by transmitting signals 

quickly, which is very important to improve the accuracy of the service. 

The efficiency of neuromuscular control mainly depends on the conduction 

velocity of motor neurons and the response ability of neuromuscular junctions [14,15]. 

Motor neurons transmit electrical signals quickly so that muscle fibers contract in 

harmony at the moment of serving, thus achieving accurate hitting. The motor neurons 

of high-level athletes have a higher degree of myelination, which makes the 

conduction speed of electrical signals faster. In addition, the sensitivity of the 

neuromuscular junction also plays a key role in precise control—acetylcholine 

released from nerve endings can quickly activate muscle fibers, thus achieving a more 

accurate contraction response. 

Research shows that the service error of athletes with short reaction time is 

reduced by 15%–20%. This kind of efficient control of the nervous system can help 

athletes reduce unnecessary action waste in the competition and maintain the 

consistency and accuracy of hitting. Therefore, the special training of neuromuscular 
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control, such as reaction speed training and dynamic balance training, is of great 

significance to improve the accuracy of serving. 

3.4. The influence of fatigue on service performance 

To effectively manage fatigue and mitigate lactic acid accumulation during 

competitions, athletes need to adopt scientific fatigue management strategies. First, 

rationally arrange training and competition intensity and density to prevent excessive 

fatigue. During training, athletes should follow a progressive principle, gradually 

increasing training intensity while ensuring adequate recovery time. In competitions, 

athletes should adjust their serving strategies based on their physical condition and 

match rhythm, avoiding prolonged high-intensity serves that may lead to excessive 

fatigue. 

Secondly, scientific nutritional supplementation is a crucial means of alleviating 

fatigue. Before and after competitions, athletes should timely replenish energy 

substrates, including carbohydrates and proteins, to provide the body with sufficient 

energy. Simultaneously, supplementing anti-fatigue nutrients such as vitamins, 

minerals, and creatine can improve the body’s energy metabolism and delay fatigue 

onset. During match intervals, athletes can choose quickly absorbable energy foods 

like energy gels and energy bars for rapid energy replenishment. 

Moreover, appropriate recovery methods are critical for fatigue alleviation. Post-

competition, athletes should immediately perform relaxation stretching to promote 

lactic acid clearance and muscle relaxation. Alternating cold and hot compresses can 

enhance blood circulation and accelerate metabolic product removal. Appropriate 

massage can alleviate local muscle fatigue and soreness. Psychological relaxation 

training, such as meditation and breathing exercises, can mitigate psychological 

fatigue from competitions and maintain a positive mindset. 

Lactic acid clearance is a crucial phase in fatigue alleviation, involving a series 

of complex molecular mechanisms. Lactic acid is primarily cleared through two 

pathways: first, transportation via blood circulation to organs like the liver and kidneys 

for glucose resynthesis; second, intramuscular transportation through the lactate 

shuttle system, moving lactate to mitochondria for oxidative decomposition. 

At the molecular level, lactic acid clearance is regulated by various enzymes and 

transport proteins. Lactate dehydrogenase (LDH) is a key enzyme catalyzing lactate 

oxidation, with its activity directly influencing metabolic rate. Different LDH 

isoenzymes, such as LDH1 and LDH5, vary in distribution and function across tissues, 

affecting clearance efficiency. Another critical enzyme is pyruvate carboxylase (PC), 

which catalyzes lactate conversion to pyruvate, facilitating mitochondrial oxidative 

decomposition. 

Transmembrane lactate transport primarily depends on monocarboxylate 

transporters (MCT). MCT1 and MCT4 are the primary lactate transporters in muscles, 

with their expression levels and activity influencing transmembrane transport 

efficiency. Research indicates that training can increase MCT expression, accelerating 

lactate clearance. Additionally, transcription factors like HIF-1α and PGC-1α can 

indirectly influence lactate transport and metabolism by regulating related gene 

expressions. 
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In-depth research on lactate metabolism’s molecular regulatory mechanisms 

helps us understand fatigue’s root causes and provides theoretical foundations for 

developing scientific fatigue management strategies. By targeted regulation of key 

enzymes and transport proteins, such as enhancing LDH and MCT activities, lactate 

clearance can be accelerated, thus mitigating fatigue’s impact on athletic performance. 

Different tennis competition formats, such as Grand Slams, three-set, and five-

set matches, impose varying physical demands and fatigue levels. Therefore, fatigue 

management strategies must be tailored to specific competition types. 

In long-duration, five-set Grand Slam competitions, cumulative fatigue effects 

become more pronounced. Athletes must engage in active recovery during intervals, 

including energy replenishment, massage, and cold and hot compresses to rapidly 

restore physical condition. They should judiciously allocate physical energy, avoiding 

excessive consumption in initial sets. During critical points and sets, athletes can 

adjust serving rhythms and minimize unnecessary movements to conserve energy for 

subsequent sets. 

In shorter three-set matches, athletes can adopt more aggressive strategies, 

investing more physical effort in serving and return-of-serve. Due to the relatively 

shorter total duration, fatigue’s impact on tactical techniques is more limited. Athletes 

should prepare thoroughly before matches, maintaining high focus and enthusiasm on-

court to approach each serve in optimal condition. Simultaneously, they must adjust 

strategies according to match progression to prevent excessive physical and attentional 

expenditure. 

Overall, effective fatigue management is a key factor in enhancing tennis serving 

performance. Through scientific training methods, nutritional strategies, and recovery 

techniques, athletes can minimize lactic acid accumulation, maintain muscle 

functional states, and sustain high serving speeds and stability throughout 

competitions. In-depth research into fatigue mechanisms and exploration of more 

effective mitigation strategies will provide crucial support for athletes seeking 

competitive advantages in intense competitions. 

4. Integrated analysis of speed and accuracy optimization 

4.1. Dual enhancement of speed and accuracy 

4.1.1. Synergistic mechanism 

Biomechanical and cellular factors demonstrate a high degree of synergy in 

enhancing serve speed and accuracy. Biomechanical analysis assists athletes in 

identifying optimal movement pathways and kinetic chains, thereby maximizing 

power utilization at each stage. This includes explosive force generation from lower 

limbs, core rotational dynamics, and arm swing mechanics. Through these steps, 

power is systematically transferred from legs to arms and ultimately to the racquet, 

enabling effective energy transmission to the tennis ball. Concurrently, cellular 

optimization, particularly fast muscle fiber activation and enhanced neuromuscular 

coordination, provides substantial physiological support and precise control for 

serving. Rapid fast-twitch fiber contraction generates powerful explosive force, while 

neuromuscular coordination ensures smooth and precise movement execution. These 
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complementary factors synergistically ensure athletes can perform effectively during 

competitions. 

Furthermore, cellular factors improve athletes’ energy recovery capabilities and 

endurance, maintaining stable performance across different match stages. The ATP-

CP energy system provides high-intensity metabolic support, while lactate clearance 

mechanisms allow athletes to repeatedly execute high-intensity serves without 

significant physical performance decline in later match phases. Research indicates that 

comprehensive training can increase serve speed by an average of 10% and accuracy 

by 15%. These findings demonstrate the significant impact of biomechanical and 

cellular factor synergistic optimization. Elite athletes, for instance, continuously refine 

hitting points and optimize swing trajectories to improve efficiency, simultaneously 

incorporating fast-muscle strength training and energy system optimization to achieve 

simultaneous speed and accuracy improvements. 

4.1.2. Long-term training effects 

Serve technique enhancement is a cumulative process requiring continuous, 

systematic training. Long-term training generates cumulative effects at biomechanical 

and cellular levels, progressively improving athletes’ serving capabilities. 

From a biomechanical perspective, prolonged training helps athletes establish 

robust fundamental movement patterns and muscle memory. Through repeated 

practice and optimization, athletes become more proficient and comfortable executing 

serving motions, enhancing movement consistency and stability. Strength training 

continuously reinforces lower limb, core, and upper limb muscle strength, providing 

a more powerful dynamic foundation for serving. Athletes can also improve serve 

precision and threat by continuously adjusting serving motion details, such as grip 

angle and body inclination. 

At the cellular level, long-term training induces physiological adaptations that 

enhance athletic capabilities. Endurance training, for example, improves 

cardiopulmonary function and mitochondrial oxidative capacity, enhancing ATP 

synthesis efficiency to provide a sustained energy supply for serving. Specialized 

serving training can increase fast muscle fiber recruitment and contraction speed, 

enhancing explosive force output. Neuromuscular adaptation is also a long-term 

process; through repeated stimulation and regulation, athletes can improve muscle 

coordination and control precision, achieving more flexible and accurate serving 

motions. 

It is crucial to note that long-term training effects are not instantaneous but 

require gradual, scientifically rational implementation. Under coaching guidance, 

athletes must develop personalized training plans addressing individual characteristics 

and weaknesses. Excessive or insufficient training intensity can compromise training 

effectiveness. Therefore, regular monitoring and assessment of training outcomes, 

with timely adjustments to content and intensity, are critical for achieving long-term, 

stable service capability improvement. 

4.1.3. Impact of different training methods 

To enhance serve speed and accuracy, coaches and athletes can employ various 

training methods, including technical, strength, and endurance training. While 
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different methods have distinct focuses, they all positively contribute to service 

performance improvement. 

Technical training forms the foundation for improving serve speed and accuracy. 

Through repeated practice and detail optimization, athletes can consolidate correct 

serving motions, enhance hitting point consistency, and improve ball rotation quality. 

Utilizing technologies like video analysis and biofeedback can help athletes identify 

and correct motion deficiencies, continuously optimizing technical details. 

Additionally, serving training simulating competitive scenarios can improve athletes’ 

performance under pressure and enhance serving stability. 

Strength training directly promotes serve speed enhancement. By strengthening 

lower limb, core, and upper limb muscles, athletes can generate greater force during 

serving, increasing ball velocity. Compound strength training exercises like squats and 

deadlifts can improve lower limb and core strength, providing more powerful initial 

momentum. Medicine ball exercises and resistance band training can enhance upper 

limb and wrist strength, improving acceleration capability at ball impact moments. 

While endurance training contributes less directly to serve speed, it plays a crucial 

role in maintaining serve quality and managing prolonged matches. Aerobic and 

interval training improve cardiopulmonary function and muscle endurance, helping 

athletes maintain optimal physical condition and minimize fatigue’s impact on serve 

performance. Endurance training also enhances breath control, contributing to body 

stability and coordination during serving. 

Comprehensively applying diverse training methods and tailoring them to 

individual athlete characteristics can generate synergistic effects at biomechanical and 

cellular levels, comprehensively improving serve speed and accuracy. Regular training 

effect assessment and strategic optimization are vital for achieving long-term, stable 

service capability enhancement. Only through scientific guidance, continuous 

accumulation, and optimization can athletes maximize the synergistic potential of 

biomechanical and cellular factors, break through serving performance limitations, 

and achieve significant competitive advantages. 

4.2. Optimization strategies 

4.2.1. Technical optimization 

Based on biomechanical analysis, players can optimize their serve performance 

by adjusting specific details of their serve action. For example, changing the height 

and position of the hitting point can influence the speed and spin of the ball, thereby 

increasing the serve’s threat. In addition, optimizing the swing path ensures that force 

is transmitted along the optimal route to the racquet, minimizing unnecessary 

movement waste and improving serve stability and speed. Using video analysis 

technology, coaches can help players identify deficiencies in their actions and make 

minor adjustments to optimize overall serve performance. For instance, during serve 

training, a coach may use video footage to spot deviations in a player’s swing path and 

help adjust the angle to ensure more direct and effective force transmission. 

Meanwhile, adjusting the height of the hitting point can make the trajectory of the 

serve more aggressive, increasing the chances of scoring. Technical optimization 
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requires careful observation and continuous adjustment to ensure players perform at 

their best during matches. 

4.2.2. Physical fitness improvement 

Beyond technical optimization, improving physical fitness is also an essential 

strategy for enhancing serve performance. By strengthening fast-twitch muscle fiber 

training, players can gain stronger explosive power, thereby increasing serve speed. 

Specific training methods include short-duration, high-intensity strength exercises 

such as plyometric training, squats, and explosive lifts, which help increase the 

proportion and activation efficiency of fast-twitch fibers. The ability of fast-twitch 

fibers to generate large amounts of power in a short time is the foundation for 

increasing serve speed. Additionally, specific ATP-CP energy system training, such 

as high-intensity interval training, can enhance muscle energy supply and recovery 

capabilities, supporting continuous high-intensity serves. This kind of high-intensity 

training not only boosts players’ explosive power but also improves their recovery 

speed, allowing them to maintain high-intensity serve output throughout a match 

without tiring prematurely. Neuromuscular control training is equally important, such 

as practicing reaction speed to shorten nerve conduction time and improve 

coordination between muscles. This type of training can include quick reaction games, 

dynamic balance exercises, and neuromuscular coordination drills to ensure that each 

muscle group can respond promptly and efficiently to nerve signals during serves, 

thereby enhancing serve accuracy and consistency. 

4.2.3. Comprehensive training methods 

By integrating biomechanical and cellular optimization, players can achieve 

comprehensive improvements across technique, fitness, and neuromuscular control. 

Biomechanics provides the theoretical foundation for movement optimization, while 

cellular factors support serves from the perspective of fitness and recovery. Together, 

they enable players to better leverage their technical advantages in competition. For 

example, comprehensive training is not limited to isolated technical practice or 

physical fitness improvement but rather involves a well-rounded training plan that 

reinforces the synergy of every movement component. Through this comprehensive 

training approach, players improve not only in terms of serve speed but also in 

accuracy, achieving optimal serve performance. 

The synergy between biomechanical and cellular factors plays a crucial role in 

tennis serves. By optimizing technique and enhancing fitness, players can achieve dual 

improvements in serve speed and accuracy. Biomechanical analysis helps players find 

the best movement path, while cellular factors provide the necessary physical support 

to ensure serve continuity and stability. By reasonably combining training methods 

based on biomechanical and cellular factors, players can comprehensively enhance 

their serve performance and strengthen their competitiveness in matches. This training 

approach not only improves serve efficiency but also enhances players’ endurance and 

recovery ability under match pressure, providing them with a greater competitive edge. 
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5. Conclusion 

This study explored the impact of biomechanical and cellular factors on tennis 

serve performance. By optimizing biomechanical characteristics such as power chain 

dynamics, hitting point control, and ground reaction forces, serve speed and accuracy 

can be enhanced. Cellular factors provide physiological support and control through 

fast muscle fiber activation, improved energy metabolism efficiency, and precise 

neuromuscular control. The synergistic interaction between biomechanical and 

cellular factors is crucial for improving serve speed and accuracy. Through rational 

training integration, athletes can achieve comprehensive improvements in technical 

skill, physical fitness, and neural control, thereby enhancing their competitive 

capabilities. 

However, the study acknowledges several limitations. First, the research sample 

is relatively small, comprising 30 athletes. The limited sample size may impact 

statistical power and generalizability. Future research should consider expanding the 

sample size to include athletes from diverse levels and backgrounds, thereby 

improving the representativeness and universality of the findings. Secondly, the study 

primarily focused on high-level athletes, potentially constraining the applicability of 

results. Serve technique-influencing factors and optimization strategies may vary 

across different age groups, genders, and training levels. Future investigations could 

conduct more targeted analyses and interventions for different athlete populations to 

develop more personalized training programs. 

Moreover, future research can expand research perspectives and methodologies. 

In biomechanical domains, more advanced motion capture and analysis technologies, 

such as three-dimensional motion analysis and electromyography, could be introduced 

to obtain more refined and comprehensive mechanical data. From a cellular biology 

perspective, researchers could delve deeper into molecular regulatory mechanisms 

during serving, exploring protein expression and signal transduction to unveil cellular 

functional regulatory networks. Simultaneously, integrative research could 

comprehensively consider psychological and environmental factors influencing 

service performance, establishing a more holistic and systematic impact factor model. 

Overall, this research reveals the critical roles of biomechanical and cellular 

factors in tennis serve performance, providing scientific foundations for serve training 

optimization. Despite existing limitations, the findings offer significant value in 

guiding high-level athletes’ technical training and physical enhancement. Future 

research can pursue in-depth innovations by expanding sample sizes, broadening 

research subjects, and refining methodological approaches, continuously providing 

theoretical support and practical guidance for tennis’s scientific development. 

Additionally, the study’s conceptual framework and methodological approach can be 

generalized to other sports, promoting comprehensive athletic performance 

advancement. 
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