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Abstract 
 
​ Tennis has been a changing sport over time from changes in the rules, playing styles, 
and advancements in equipment. Equipment changes have led to more participation in the 
game by making it more accessible, comfortable, and enjoyable for players of all levels.  Despite 
the advancements, the majority of tennis equipment focuses on performance enhancement 
rather than long-term health, ergonomic efficiency, and injury prevention. Additionally, there is a 
lack of data in showing how racquet material and design modifications impact biomechanics and 
health over extended periods of time. The goal for this research is to find out what changes are 
needed in the tennis racquet, the equipment needed to even play the game, to make it more 
accessible, enjoyable, and meaningful for everyone.  This review overviews  research on current 
material and design used to make racquets and simulations with modifications in the design and 
material to encounter a better way to manufacture the equipment so that it is ergonomically 
optimized, injury reducing, and beneficial for a player's biomechanics.  The results emphasize 
racquet designs incorporating materials that dampen vibrations, and increasing the handling of a 
tennis racket, reducing mechanical strain while enhancing conformity and player longevity. 
These findings suggest certain changes in the tennis racket design have the ability to improve 
long term muscle and bone health while enhancing the playing experience for players of 
different physical abilities.  
 
Introduction 

  
​ Tennis has been a crucial sport throughout its existence. Tennis is the 4th most popular 
sport by fanbase, with a highly concentrated base in America, Asia, and Europe (Topend Sport, 
2025). Tennis is a hard sport due to the physical shape and skills players must have. 
Specifically, tennis players have to be able flexible in terms of how they return a ball; they can 
return a fast ball with a hit that makes the ball’s velocity reduced; they have to be able to run 
across their playing area, a maximum of 23.77m long and 8.23 m wide; and most tennis players 
have to do this by themselves because in tennis there are no substitutions, matches can last 
from 90 minutes to 105 minutes (International Tennis Federation, 2026; USTA League 
Regulation, 2019). A tennis racket is undeniably the most significant means by which a tennis 
player operates on the court. As the primary mechanical interface, the tennis racket connects 
the player to the ball; therefore, its design is the primary factor in how forces are transferred 
during every shot (Brody, 2003). Because the game involves repetitive strokes over a long 
period, small inefficiencies in a tennis racket can cause significant biomechanical stress on a 
player's body (Hennig, 2001; Pombo et al., 2019). Beyond influencing players performance, 
tennis racket designs play an important role in determining how mechanical loads are 
transmitted to the player’s upper limb joints (wrist and elbow joints) by adjusting factors like 
mass distribution and the amount of vibrations dampened (Haake et al., 2007). The goal with a 
racket is to no longer deliver maximum power. It is now aimed at providing comfort, durability, 
and injury prevention.  

 



 
Furthermore, the racket that a tennis ball hits should efficiently return energy to the ball 

while, at the same time, limiting the reaction forces transmitted to the player's arm (Brody, 
2003). With a well-designed racket, players can maintain performance with lower muscular 
effort, supporting sustainable participation (Kovacs, 2006). The objective of this research paper 
is to identify specific engineering modifications to the tennis racket that improve comfort and 
reduce injury in order to prevent further injury and enable for longer playing time for professional 
players.  

 
Evolution of Tennis Racket Engineering 
 

Throughout the history of tennis , there have been variations in the design of the  racket. 
Early tennis rackets were made from laminated hardwoods like ash or maple because they were 
the best type of wood available, easy to shape, and strong for hitting balls. Wood has a low 
stiffness, so one needs a large mass to achieve sufficient structural rigidity, leading to heavy 
rackets that are difficult to maneuver. The mechanical properties of wood also change with grain 
orientation; The stiffness of a wooden racket will vary from one to another. Certain natural 
defects, such as knots, moisture variation, and grain irregularities, further contributed to 
inconsistent flex behavior and inconsistent vibration response during ball impact (Brody, 2003). 
Because engineers could not precisely control the stiffness of the wooden rackets, the ball’s 
impact on the rackets transferred uneven forces to the player’s arm, increasing fatigue over long 
periods of play (Haake et al., 2007).  From an engineering view, wooden rackets lacked 
uniformity and customizability, making it hard to optimize comfort, control, and injury reduction.  

 
As time went on, rackets shifted from being made from wood to metal. Metal rackets 

were made with aluminum and steel, improving structural consistency due to the metals being 
isotropic. In other words, their mechanical properties are uniform in all directions (Goodwill & 
Haake, 2001). Metal frames allowed for thinner designs compared to wooden rackets, 
increasing power transmission and the durability of the racket. Metals can absorb little 
vibrational energy and transmit more shock to the player’s arm during impact (Brody, 2003). The 
high stiffness causes the force from the ball impact to increase perceived harshness on a 
player’s body especially when the ball was hit off-center on the racket (Reid et al., 2007). 
Although metal rackets improved the power and consistency of swings, they increased 
vibration-related discomfort during extensive play. In all, the improved stiffness of the metal 
racket showed the need to balance strength with vibration control.  

 
Rackets from different areas commonly had the same parts. The frame provides 

structural support, and the string bed is where the tennis ball makes contact that affects power 
and shock absorption. The handle (formerly known as the grip) determines comfort and the 
amount of stress on the wrist and elbow of a tennis player. The throat connects the handle to the 
head and distributes the forces in the racket. Together, the components control how the forces 
are generated and applied in a game.  

 
 
 
 

 



 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1. Force distribution and vibration response during ball-racket interaction. This 
figure shows how force distribution and vibration profiles interact during a tennis match. 

Effective use of carbon fiber allows for high stiffness at  the throat to handle stress while giving 
controlled flexibility to dampen the “Force Transmission” and “Vibration Response,” shown in the 

graphs. Adapted from Haake et al. (2007).  
 

Modern rackets primarily use carbon fiber-reinforced polymer composites due to their 
high stiffness-to-weight ratio conferring … (Goodwill & Haake, 2001). Current rackets are 
designed so that engineers can change fiber orientation, layering sequence, and material 
thickness to make the racket stiffer in the parts that are subjected to high stresses (for example, 
the throat, the part below the head), and at the same time, allow a controlled flexibility for better 
energy absorption (Haake et al., 2007). The reinforcement allows for reducing the total weight 
while still keeping the structure strong, thereby lowering joint loading and muscular fatigue 
during repetitive strokes (Taraborrelli et al., 2021; carbon-fiber reinforced polymer, 2026).  
 

Precise control of material placement allows engineers to optimize mass distribution, 
reducing swing inertia and joint torque (Taraborrelli et al., 2019). Simultaneously, the polymer 
matrix provides the device's vibration damping, reducing vibration transmitted to the wrist and 
elbow (Taraborrelli et al., 2019). Composite rackets allow optimizing performance in a particular 
way while reducing the risk of biomechanical strain, since the combination of lightweight 
materials, stiffness, and improved damping is a significant step toward ergonomically optimized 
racket design. 

 
The expanded racket head size increases the polar moment of inertia, a measure of a 

cross-section's resistance to twisting, indicating how hard it is to rotate around an axis 
perpendicular to it, thereby decreasing the angular rotation of the frame during off-center ball 

 



impacts (Cross, 1999). The larger racket head enlarges the sweet spot, that is, the area where 
the ball impact produces minimal vibration and torque, thus allowing the game to have a more 
effective impact. The larger sweet spot thereby enhances accessibility and comfort, particularly 
during prolonged plays that involve repeated impacts. The lesser angular rotation decreases the 
torque that is transmitted to the wrist and forearm, thus, less muscular stabilization is needed. 
As a result, players are given the benefit of needing less physical precision for their strokes to 
yield effective results (Elliot & Kovacs, 2006). 

 
Learning from the history of how the racket was engineered, the best tennis racket 

geometry and material must be optimized together to manage forces effectively during off-center 
impacts; the potential power of the racket must balance with its ability to dampen vibration, 
reducing injury risk; and improve a player’s ability to play long term. Tennis rackets’ design 
priorities over the years shifted toward long-term comfort, injury prevention, and accessibility 
rather than power alone. Thus, to deliver the best tennis racket, CAD (Computer-Aided 
Designing) modeling and FEA (Fine Element Analysis) are needed to evaluate design trade-offs 
before physical prototyping in order to better understand the material properties and what 
materials are efficient for a tennis racket.   
 

However, there are many questions about designing the best racket: what does the 
perfect balance between flexibility and control for long-term endurance look like; how can racket 
design vary for players of diverse ages because different rackets work with different age groups 
and significantly affects their playing experience; and can innovative or adaptive materials 
improve long-term comfort and performance? 
 
Materials and Composite Design 

 
Modern rackets depend on composite materials because they allow engineers to adjust 

stiffness, mass, and vibration behavior in ways not possible with single-material designs (Kaake 
et al., 2007). The flexibility in controlling material behavior is important because tennis rackets 
must be stiff enough for power while remaining flexible to allow comfort. As previously 
mentioned, the most common material is carbon fiber due to its high stiffness-to-weight ratio, 
helping a racket resist bending during a tennis ball’s impact as well as improving energy transfer 
to the ball and increasing the shot’s power.  

 
Carbon fiber's low density reduces the mass of a racket, allowing faster swings with small 

effort and an improvement in long-term playing (Cross, 2010).Composite materials allow for the 
best vibration damping because the polymer matrix reduces the vibrations generated during a 
tennis ball’s impact. During a tennis ball’s impact on the racket head, vibrations generate 
through the frame toward the player’s hand, contributing to discomfort and overuse injuries 
(tennis elbow, wrist injuries, etc.). Composite rackets show consistent stiffness and vibration 
characteristics over many swings (Brody, 2003). This is crucial because it allows players to get 
used to their tennis rackets to know how hard they have to swing, the weight of the racket, and 
how the racket deals with vibrations.  

 
Most of the time, carbon fiber is combined with other materials like fiberglass, Kevlar, or 

advanced nano-enhanced composites, to enhance the durability and feel of the racket (Lie et 

 



al., 2019). This combination of materials exists because a racket optimized purely for stiffness 
would give too much of a shock to the player’s arm. Fiberglass is used to increase flexibility and 
improve impact feel. In contrast, Kevlar, a lightweight, strong synthetic polymer that is made to 
be 5 times stronger than steel, is used to reduce the effects of vibrations and the effects of a 
ball’s impact on the racket (Mantis Sport, 2026). Composite materials are anisotropic, which 
means their mechanical properties are changed depending on fiber orientation, giving engineers 
directional control over stiffness and strength (Haake et al., 2007). This is important because the 
impact forces generated by the tennis ball are not distributed uniformly throughout the head.  
 
Racket Geometry and Head Size Ergonomics 
 

Another essential factor to consider when making the perfect racket is its dimensions. 
Larger racket heads have a bigger sweet spot, which reduces the adverse effects of off-center 
hits and torsional stress to the player’s hand, wrist, and forearm (Haake, Allen, & Goodwill, 
2007). The reduction in torsion and off-center impact improves comfort and allows players to 
sustain more extended periods of play with a reduced risk of injury (Cross, 2010). Smaller heads 
provide more precision and control but increase the impact of vibrations and off-center shocks 
on the player’s body, which could lead to long-term joint strain and limit a player’s playability 
(Cross, 2010). Midplus or oversize heads are generally chosen nowadays because they offer a 
balance between power, control, and comfort. A player with a larger sweet spot (a racket with a 
bigger head size) can produce a powerful shot even if the contact is not perfect, resulting in 
longer playing time and less fatigue (USTA, 2025; Topend Sports, 2025). This is highly 
beneficial for beginners and intermediate players who are learning to hit consistent shots and to 
execute different types of shots. 
 

Beam thickness and overall frame shape determines a stiffness of a racket and torsional 
stability (Haake et al., 2007). Wider breams improve energy transfer during ball impact and 
result in more powerful shots with the repercussion that they give off more vibrational forces to a 
player’s arm. Narrower beams give more flex and a softer feel with the racket, giving a higher 
sense of control to the player as well as precision; however, they reduce stability during 
high-speed swings or offcenter hits. A tennis racket engineer’s job is to decide how to balance 
beam width and frame shape to optimize both performance and comfort. The width and shape 
of the beam determine how the energy moves through the frame and how the vibrations are 
transmitted to the player's hand. This balancing of factors is essential for the reduction of 
overuse injury risks while keeping the performance at a desired level.  
 

 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 

 
 
 
 
 
 

 
 

 
Figure 2. Tennis Racket Balance Configurations 

This figure shows common racket balance types. Tennis racket balance types showing head, 
heavy, even (neutral), and head light configurations. In a head, heavy racket, more mass is 

concentrated towards the head, which results in an increase in power as well as in the difficulty 
of the string bed. However, in a head, light racket, the majority of mass is concentrated towards 
the handle, which makes the racket more maneuverable and also reduces the strain on the arm. 

Adapted from PDHSports (2025).  
 

Handle length and grip size are essential for controlling torque and force flowing through 
the wrist and forearm in order to reduce strain and prevent injuries caused by repetitive use of a 
racket (Cross, 2010). Longer handles give leverage for strokes like a two handed backhand but 
slightly reduce a player’s agility for fast swings or swings followed by quick reaction of the 
player. An ergonomic handle design not only ensures the right positioning of the wrist but also 
reduces the chances of injury by enhancing comfort during long play sessions (Cross, 2010). 
The adjustable grips feature helps players of different hand sizes and with varying preferences 
easily access their rackets. The racket mass distribution is what mainly influences the swing 
speed, the power, and the quantity of the vibration that reaches the arm (Cross, 2010). Head, 
heavy rackets, for example, produce higher power at the moment of impact but may cause more 
stress in the wrist and the forearm. Head, light rackets, however, offer better maneuverability 
capability thus more rapid swings can be done and the player's body getting less injured 
(ToolsNova, 2025; The Bragging Mommy, 2024).. Balance should be decided with material 
choice; composite materials, as previously mentioned, allow engineers to redistribute mass 
strategically, getting the best amount of power and comfort without increasing harmful 
vibrations.  
​  
​ When a racket is hit off center, the frame twists, thus the rotational force resulting from 
this twisting is transferred to the player's hand and forearm (Haake et al., 2007). A stiffer frame 
with correct geometry will resist the twisting, thus improving consistency and shot control as well 
as increasing the long term comfort. In order to decrease the torsional stress, it is necessary to 
study the shape of the frame, the geometry of the beam, and the orientation of the fibers. CAD 
simulations can represent the torsional deformation due to the realistic ball impacts, thus 
allowing the designs to be optimized even before the prototypes are made. Moreover, the 

 



handle design of the racket, balance, and torsional properties also determine the amplitude and 
frequency of the vibrations that the player's hand experiences (Cross, 2010). Optimizing 
geometry and using materials with excellent dampening of vibrations improves comfort, 
precision, and lowers injury. Poor vibration consideration in a tennis racket can negate 
performance in a tennis match. Combining ergonomic design with vibration analysis ensures a 
racket that supports both high-level play and long- term player health.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3. This figure shows a diagram of a tennis racket face that shows multiple sweet sports, 
including the vibration node (Node) and the center of percussion (COP). Hitting near these 

zones minimizes the force and vibrations transmitted to a player’s arm, reducing discomfort and 
risk of an injury. Adapted from Cross (n.d.).  

 
One of the most essential parts of a tennis racket is the string bed, as its design is highly 

influential in how the racket absorbs the impact shock, transfers the energy, and ensures the 
comfort of the player. The stiffness of the string bed determines the amount of energy that 
reaches the player's arm on hitting the ball: in stiff string beds, the peak forces and the 
mechanical shocks are increased (Cross & Lindsey, 2005). Research shows that reducing string 
stiffness lowers the magnitude of forces transmitted to the arm, improving comfort and 
decreasing the probability of injuries caused by overuse of tennis racket (Kovacs, 2006). String 
material selection further influences long-term playing because polyester strings offer greater 
control with the caveat of transmitting higher impact shocks compared to multifilament strings, 
better suited for shock absorption (Reid et al., 2007). This distinction is particularly important for 
amateurs, who are more likely to strike the ball off-center and therefore experience greater 
vibration and force transmission. By simply optimizing the string tension and selecting the right 
material, from an engineering perspective, rackets can be specially adjusted to match the 
playing style and biomechanical needs of a player, thus improving comfort, maintaining 
performance over time, and ensuring the health of the musculoskeletal system in the long run 

 



(Taraborrelli et al. , 2019). 
 
Biomechanical and Ergonomic Implications of Racket Design 
 
​ Tennis is a game of repetitive high speed hits that generate a high level of force that the 
player's body must absorb. These forces travel from the racket, through the wrist, elbow, and 
shoulder. Research suggests that around 40-50% of tennis players experience overuse injuries 
like tennis elbow during their career (ITF, 2019). Although in a single hit, the force may be within 
the safe limit, the cumulative effect of the many strokes causes micro, traumas in tendons and 
ligaments of the body which leads to chronic conditions such as tennis elbow, wrist tendonitis, 
and shoulder overuse injuries (Cross, 2010). The distribution of racket mass, the ergonomics of 
the handle, and the damping of the vibration all determine how the forces flow through the arm. 
The long term exposure to uneven or poorly dampened forces can also change the natural 
movement patterns of the players making them have to compensate, thus increasing the joint 
strain. Hence, engineering designs should not only focus on the short term performance but also 
on sustaining joint health for months or years of play.  
 

Neuromuscular fatigue resulting from overload of the muscles and connective tissues that 
support the same structures can cause a deterioration of the grip, the swing velocity and the 
stroke mechanics or generally a malfunction of the neuromuscular system (Reid et al., 2007). At 
the beginning, the fatigue may be silent or barely noticeable, but it develops during the longer 
sessions and gradually control and precision are being lost. The change in swing mechanics 
that results from fatigue can cause an increase of the joint loading, especially in the case of 
amateurs who usually perform compensatory movements. The use of rackets that have been 
designed to reduce vibration and optimize weight distribution can be a solution for the delay of 
the onset of fatigue, which enables the player to follow through consistent mechanics for a 
longer time. This confirms that product design is an indirect factor of body movements over time, 
which are not only related to the risk of injury but also to the level of skill. Thus, ultimate 
personal comfort is basically interrelated with the degree to which a racket is able to sustain 
mechanical stability when it is subjected to repeated use, and not only with the peak 
performance of a single stroke.  

 
Chronic injuries such as lateral epicondylitis, wrist tendonitis, and shoulder strain are 

predominately caused by repetitive, cumulative stress (Kovacs, 2006). Even very good rackets 
are capable of sending vibration or off center forces to the body. These forces accumulate over 
repetitive strokes and eventually, the risk of injury increases. The engineering design elements 
of a racket, such as vibration, damping materials, handle ergonomics, and optimized weight 
distribution, have a direct effect on the amount and the direction of the repetitive stresses. 
Properly made decisions can prevent overuse injuries by lowering the repetitive strain and 
stabilizing the joint loading, thus giving the recreational players and juniors the most benefit. The 
overuse prevention mechanism also helps maintain the sustainability of the sport since players 
will be able to practice and compete for longer periods without experiencing fatigue, related 
injuries. Furthermore, ergonomic engineering facilitates the sport to be more accessible to a 
broader range of players, for instance, older athletes or those who are coming back from an 
injury, by reducing the physical strain thresholds. 
 

 



​ Modern tennis engineering must accommodate diverse populations, including variations 
in strength, size, age, and playing experience (Taraborrelli et al., 2019). Individually 
biomechanical profiles can be matched by rackets with adjustable or tunable balance, swing 
weight, and handle ergonomics, thus lessening the muscular effort that is unnecessary. 
Ergonomic optimization entails not only safeguarding against injury but also improving the 
athlete's long term delight and involvement, thereby turning the game into a more inclusive one. 
Those players who have less strength or a decreased tolerance to vibrations are the ones who 
get more advantages from the ergonomically designed rackets that enable them to keep their 
technique at a high level without too much exertion. Incorporating biomechanical principles with 
performance demands, the designers are able to produce the same kind of work that is a perfect 
equilibrium among power, control, and the prevention of injuries. Long-term participation and 
skill development are improved when rackets provide predictable behavior, reduce fatigue, and 
minimize cumulative joint stress.  

 
Players adapt to a racket by developing motor memory based on consistent feedback 

from impacts (Brody, 2003). Players can fine tune their stroke mechanics, predict ball trajectory, 
and use the right amount of force without unnecessary effort if response characteristics are 
predictable. Inconsistent mechanical response, for example, unpredictable vibration or uneven 
force distribution, can interfere with motor learning and thus decrease stroke efficiency. It is very 
important to design for predictable feedback in skill development over the long term because 
this way players get to trust their equipment while at the same time physical strain is minimized.  
 
Conclusion 
​  
​ Tennis rackets have evolved over many years and recent developments in tennis racket 
engineering has shown us that equipment design is a significant factor not only in performance 
but also in long-term player’s health, comfort, and longevity of the sports. Throughout history, 
advances in material composition, racket geometry, mass distribution and vibration dampening 
have allowed engineers to aid force transmission, reduce stress placed on joints and minimize 
the occurrence of repetitive use injuries like tennis elbow as an example. By incorporating the 
biomechanics principles and ergonomics into racket design, rackets are now able to 
accommodate different players based on age, experience and player’s game style, while 
allowing for consistent swings, reduced fatigue, and continued playing of tennis. This review has 
shown that the future of tennis racket development should continue to be based on power, 
control, and injury prevention through continued use of CAD (computer aided designing) and 
material optimization methods to improve predictability of design and to enhance player comfort. 
It is believed that a racket developed with the principle of ergonomic design has great potential 
to improve long-term musculoskeletal health, improve playing longevity and create a longer, 
profounder sense of inclusion and purpose in playing tennis for all ages and skill levels.   
​  
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