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LIST OF TERMS 

Front entry: A type of vault entry style where the gymnast runs, hurdles, and strikes the vault 

board resulting in a forward-facing direction of the vault table. Vaults of this entry style include 

handsprings and Tsukahara. 

Back entry: A type of vault entry style where the gymnast runs, hurdles, completes a round-off, 

and strikes the vault board resulting in a backward-facing direction of the vault table. Vaults of 

this entry style are called a Yurchenko. 

Pre-flight: Anything that occurs before the gymnast contacts the vault table. 

Post-flight: Anything that occurs after the gymnast contact the vault table. Normally includes a 

flip off the vault table.  

Vault timer: Consists of the completion of the pre-flight phase of the vault without performing 

the post-flight (or flip) off the vault table. Commonly used as a warmup or practice before 

completing a full vault.  

Sweet spot: Optimal area on the vault board for the gymnast to strike.  
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ABSTRACT 

 

Ever since its introduction at the 1896 Athens Olympics, artistic gymnastics has 

continued to evolve into the sport it is today. Over the years, the physical demands placed on the 

gymnast have increased as gymnasts continue to increase their skill level, difficulty, and 

intensity of training. Gymnastics equipment has continued to evolve with the sport with major 

improvement such as the spring floor, vaulting table, and protective matting since its creation in 

1896. The present study aims to shift current research in the sport of gymnastics from optimizing 

the gymnast’s performance to identifying ways gymnastics equipment manufacturers can design 

better equipment. The study analyzes how the gymnast interacts with different vault boards by 

using qualitative and quantitative analysis methods related to human impact, performance, and 

product design and testing. It was identified that some aspects of a vault board design have a 

significant effect on the gymnast’s interaction between the vault board while some factors have 

no effect. In summary, this study determined that gymnasts do not change how they interact 

when using various types of vault boards. 
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CHAPTER 1. INTRODUCTION 

Artistic gymnastics is a sport that embraces the essence of grace, beauty, power, 

endurance, flexibility, and strength. The conceptual idea of gymnastics began with the ancient 

Greeks as they perfected the symmetry between the mind and body (Olympics Sport History). In 

the early 1800s, the term “artistic gymnastics” was established to identify a free-flowing style 

technique used in military training. In 1896, artistic gymnastics was introduced at the Athens 

Olympic Games and has been present ever since. Since the 1896 Athens Olympics, to the 2016 

Rio Olympics, artistic gymnastics has become the sport it is today because gymnastics 

equipment has evolved as gymnasts continue to push the limits and reach new skill levels.  

 

               
 

Figure 1. Gymnast performing a vault during the 1896 Athens Olympics and 2016 Rio Olympics 

 
Women’s artistic gymnastics consist of four events: vault, uneven bars, balance beam, 

and the floor exercise. Men’s artistic gymnastics consist of six events: vault, high bar, parallel 

bars, rings, pommel horse, and the floor exercise. For this research study, the focus was placed 

on women’s artistic gymnastics and how the gymnast interacts with the vault board during the 

vaulting event. Although the vault board is mainly used for the vaulting event, it is also used to 

mount the balance beam, uneven bars, and parallel bars.  

The Federation Internatinale de Gymnastique (FIG) is the governing body for gymnastics 

worldwide. FIG establishes rules and regulations for the apparatus used in artistic gymnastics. 

The purpose of the Apparatus Norms is to ensure the quality of the equipment is standardized at 
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all FIG sanctioned competitions. FIG also performs standardized testing on the equipment to 

ensure the functional properties of the equipment conforms to their standards. By enforcing these 

standards, it minimizes any differences in the training and competition equipment for gymnasts. 

The vault board regulations include the form and measurements, functional properties, and color 

of the vault board (FIG). The standardized vault board testing procedures includes a drop test to 

analyze the deflection of the impactor, the height of rebound of the impactor, and maximum 

value of force measured during the impact (FIG).  

 
Figure 2. Example of standardized testing specifications and drop test impact locations 

 

The vaulting event in artistic gymnastic has been divided into seven phases: run, hurdle, 

take-off, pre-flight, support, post-flight, and landing (Orlofsky and Gault, 1985: Whitlock et al., 

1990; Prassas, 2002, Coventry et al., 2006). During this study, we focused on how the gymnast 

interacts with the vault board which includes the take-off and pre-flight phases. Figure 3 explains 

the three distinct phases of vault board contact. Although the gymnast’s interaction with the vault 

board is less than one second, it provides them with the foundation upon which their vaulting 

routine is built. From a previous study, it was identified that the total board contact time for a 

round-off entry vault was on average 0.15 seconds with a compression and repulsion time 

average of 0.08 seconds each (Bradshaw, 2004). This study also identified that the vault board 
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contact position was not a critical requirement for a successful Yurchenko entry vaulting 

performance (Bradshaw, 2004). While vault board contact position might not be critical, it is 

crucial to have a successful entry and take-off on the vault board in order to ensure a successful 

performance in the event. The ideal vault board contact position has been deemed the term sweet 

spot. It was created by the coach’s belied that a gymnast could optimize their performance by 

hitting a specific location on the vault board (Taylor et al. 1972). However, there has been no 

research to date that addresses the sweet spot or optimal foot location on the vault board.  

 
 

Figure 3: Distinct phases during the gymnast’s interaction with the vault board 

(Left to Right: Initial Contact, Maximum Compression, Take-off) 

Artistic gymnastics is a physically demanding sport and it is known to be of high-risk. 

During competition, gymansts are evaluated by a judging panel and are given a score based on 

their performance and exection of the routine. The natural evolution of the sport demands that 

gymnasts continuously increase their skill level, difficulty, and intensity. This can lead to an 

increased risk of injury because of the additional physical and mental demands placed on the 

gymnast. Risk factors for gymnastics include intrinsic and extrinsic factors (Bradshaw & Partia, 

2012; Fu, 2001; Vanderlei et al., 2007; Wadley & Albright, 1993). Intrinsic factors include the 

athlete’s anthropometric measurements, muscle stiffness and strength, and hormonal and 

neuromuscular function where extrinsic factors include the repetitive nature of the sport, the 

equipment, training for practice and competition, and coaching techniques (Bradshaw & Partia, 
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2012). These extrinisc factors can all influence how the gymnast performs and how they interact 

with the equipment. FIG’s goals for standardizing appartus for artitisc gymnastics focuses on 

decreasing the amount of extrinsic risk involved in gymnastics.  

American Athletic, Inc. (AAI) in Jefferson, Iowa manufactures world class-sports 

equipment, such as gymnastics equipment. AAI’s gymnastic equipment can be found in both 

club and collegiate gyms across the United States and was the official equipment supplier of the 

2008 Olympic Trials, the 2018 U.S. Gymnastics Championships, and the NCAA Gymnastics 

Championships. With the recent launch of their EVO-line, the Evo-Board was introduced by 

AAI to the gymnastics world. Traditionally, vault boards are composed of up to eight conical 

compression springs placed inside the springboard. However, the Evo-Board is composed of leaf 

springs within the vault board. Below are relevant points of the product description for AAI’s 

Evo-Board (AAI): 

- Evo-Boards have a larger sweet spot allowing for variations in entry position. 

- Softer and less jarring feel allows for more repetition with anti-fatigue matting 

providing a unique softer feel on hands or feet. 

- Predictable and consistent rebound action giving maximum return of energy input. 

It is hypothesized that the Evo-Board due to its leaf spring design has a larger sweet spot 

area allowing for a greater variation of vault board contact positions. The second hypothesis is 

that the gymnasts will prefer anti-fatigue top surface of the Evo-Board in comparison to others. 

Thirdly, it is hypothesized that the gymnast’s interaction between the Evo-Board will not change 

or effect their performance. The overarching goal of this project is to evaluate how the vault 

board impacts and effects the gymnast’s performance, and specifically how AAI equipment 

compares to alternative brands. The advanced techniques used relate to human impact, 
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performance, and product design and testing. This project consists of a preliminary study that 

observed and analyzed NCAA women’s artistic gymnasts as they performed their competition 

vault during a NCAA gymnastics meet. It was then followed by a study where NCAA, and 

USAG club level women’s artistic gymnasts, performed warmup vault timers with five different 

types of vault boards.  
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CHAPTER 2.  GYMNASTICS VAULT BOARD DESIGN: A COMPARISON OF 

SPRING CONFIGURATION AND STYLE OF SPRING – PRELIMINARY STUDY 

 
Courtney Middelkoop 1, Richard Stone 1 

Iowa State University, Department of Industrial and Manufacturing Systems Engineering, Ames 

IA USA1 

Modified from a conference paper approved by HFES 

Abstract 

The goal of this study is to analyze the gymnastics vault board spring configuration to 

provide insight for a follow-up study to compare a traditional conical compression vault board 

with a new leaf spring vault board design. For the vaulting apparatus, gymnasts use a vault 

board to propel themselves onto the vaulting table to perform their vault. However, a new 

innovative leaf spring design has been produced and little research has been done to evaluate 

the performance of this vault board. Video recordings were taking during a NCAA Division I 

gymnastics competition. The video captured the gymnast’s interaction with the vault board 

during their competition vaults. During the gymnastics competition, two vault entry styles were 

performed, three spring configurations were used, and the number of conical springs inside the 

board were either seven or eight. With the current data, there is no significant evidence that 

correlates the spring configuration with the performance score of the athlete. It was identified 

that the maximum amount of compression achieved on the vault board varies from gymnasts, as 

well as the number of conical springs and the spring configuration varies. Further research 

should be conducted to investigate the effects of spring configuration and the amount of 

compression achieved during the vaulting apparatus with two different vault boards: the conical 

vault board design and the leaf spring vault board design.  
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Introduction 

Artistic gymnastics continues to evolve as athletes push the limits and reach new skill 

levels. Gymnastics is a sport of perfection and perfection is achieved by repetition. During 

competition, gymnasts are evaluated by a judging panel and are given a score based on their 

performance and execution of the routine. During the vaulting event, the gymnast’s performance 

has been divided into seven phases: run, hurdle, take-off, pre-flight, support, post-flight, and 

landing (Orlofsky and Gault, 1985: Whitlock et al., 1990; Prassas, 2002, Coventry et al., 2006). 

The run is the basis of energy production for the vault. The gymnast will then hurdle onto the 

vault board to gain additional forces and to change momentum direction, which then propels the 

gymnast’s hands onto the vaulting table and ultimately into the air to perform the vault. 

Traditionally, vault boards are composed of up to eight removable conical compression springs 

placed inside the vault board. However, with the introduction of new leaf spring design, the Evo-

Board can now provide a “larger sweet spot allowing for variations in entry position and a softer 

and less jarring feel” based on the manufacturer’s product description (AAI). A previous study 

identified that there is no statistical significance between take-offs from the rear of the vault 

board and those from the middle when observing handspring vault drills (Coventry et al., 2006). 

Coventry also concluded that modern vault boards have a larger sweet spot area, which allows 

the gymnast a larger margin of error when contacting with the vault board. 

 

Figure 4. TAC/10 Vault Board (left) and Evo-Boards (right) 
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In NCAA Collegiate Gymnastics and USA Gymnastics Level 1-10 sanctioned 

competitions, gymnasts can add or remove springs in the vault board in order to optimize their 

performance. Interviews conducted with club and collegiate gymnasts and coaches have 

indicated that the configuration and number of springs is determined by the gymnasts’ perceived 

“feel” on the vault board and their ability to compress the vault board. Figure 3 explains the three 

distinct phases during the gymnasts’ interaction with the vault board. The gymnasts’ interaction 

with the springboard provides them with the foundation upon which their vaulting routine is 

built. It is crucial to have a successful entry and take-off on the vault board in order to ensure a 

successful performance on the event. 

 
 

Figure 5. Distinct phases during the gymnast’s interaction with the vault board 

(Left to Right: Initial Contact, Maximum Compression, Take-off) 

 
Previous studies have created methods for measuring the reaction force of the vault board  

(BRF) to improve take-off techniques and have developed an apparatus for measuring vault 

board actions which was designed to determine optimal vault board parameters, repeatability of 

jumps, and optimal training techniques (Cuk, 2011; Sano, 2007).  Both studies identified how 

gymnasts could optimize their performance on the apparatus, but they did not include 

correlations with spring configuration and number of springs in their studies. The aim of this 

study was to analyze spring configuration and the number of springs within the vault board, the 
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gymnasts’ contact location on the vault board, and the performance score for each gymnast 

during their competition vault. 

Methods 

Participants 

NCAA Division I female gymnasts (n=12, aged 18-22 years) participated in this study. 

Gymnasts in this study represented two different collegiate women’s gymnastics programs and 

both teams were ranked in the top 25 nationally. Participation in this study occurred as a natural 

sequence of their competition and the performance of the athletes was not interfered by data 

collection. 

Procedures 

Gymnasts performed their competitive vault during competition. Two judges then rated 

the gymnasts’ performance on a scale from 0 – 10, with a score of 10 indicating perfect 

execution. The two scores are then averaged and given to the gymnasts. Gymnasts could change 

the vault board spring configuration to meet their desired “feel” on the vault board.   

Equipment 

The vault board used was a TAC/10 Vault Board manufactured by AAI, Inc. (American 

Athletic Inc., Jefferson, IA). The TAC/10 Vault Board meets NCAA competition specifications 

and is composed of eight conical removable springs. 

Data Collection 

A Go Pro Hero 7 camera was mounted next to the vaulting apparatus. Researchers were 

granted video and camera access during the meet. The video frame was focused directly on the 

vault board. Through video analysis, screenshots were captured to identify three phases: initial 

contact location, maximum compression, and take-off on the vault board. 
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Results 

 
Out of the twelve gymnasts, eleven performed a round-off entry style vault and one 

performed a front handspring entry style vault (Figure 6). Round-off entry style vaults and front 

handspring entry style vaults differ in two ways. During a round-off entry style vault, gymnasts 

contact the vault board with their back facing the vaulting table and tend to contact towards the 

back end of the vault board. For front handspring entry style vaults, gymnasts are facing the 

vaulting table and tend to contact the front end of the vault board. The focus was on analyzing 

the round-off entry style because the majority of the gymnasts competed this entry style vault. 

Further research should be performed to analyze front handspring entry style vaults. 

 

 

 

 

 

 

 

 

Figure 6. Round-off entry (left) vs. front handspring entry (right) 
 

Three spring configurations were identified in this study. The number of springs placed 

inside the vault board ranged from seven to eight springs. Figures 7-9 illustrate the three spring 

configurations. The average performance score with seven springs and eight springs respectively, 

9.813 ± 0.088 and 9.838 ± 0.047. Due to a small variation in the performance score with seven 

springs and eight springs present, there is no evidence that spring configurations can negatively 

affect the performance of the gymnast. Although the gymnast’s interaction with the vault board 

is crucial to the success of vault, it was observed that performance scores reflected more from 

post-flight off the vault table and the execution of landing. It is evident that maximum 
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compression of the vault board was greater when seven springs were used in comparison to eight 

but no correlations can be made due to a lack of anthropometric data of the gymnasts. 

 

Figure 7. Eight Springs 

 

Figure 8.  Seven Springs (a)  

 
Figure 9. Seven Springs (b) 
 

A 6x4 grid system was created in order to map out the location of the gymnasts’ contact 

position on the vault board (Figure 10). Position was determined by the initial toe contact point 

on the vault board. Figure 11 identifies the areas on the board where initial toe contact occurs 

most frequently.  

 

 

 

 

Figure 10. 6x4 grid system used to identify contact position 
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Figure 11. Frequency of contact 

 

Discussion 

This preliminary study provided valuable information regarding how the gymnast interacts 

with the vault board. As mentioned previously, gymnasts can change the number of springs and 

spring configuration in the vault board during collegiate or club competitions. Gymnasts must self-

determine the number of springs and the spring configuration of the vault board to optimize their 

performance and achieve their desired “feel” on the vault board. Currently, the new leaf spring 

vault board design are not capable of spring customization but are sold in three different 

strengthens: soft, medium, and firm. With the current data, there is no significant evidence that 

correlates the spring configuration with the performance score of the athlete. However, the 

maximum amount of compression achieved on the vault board varies from gymnast, the number 

of springs, and the spring configuration. 

Limitations 

     During this preliminary study, gymnast’s anthropometric data was not collected. Without this 

data, correlations between spring configuration and maximum compression could not be analyzed. 

Since only one of the twelve gymnasts competed a front handspring vault entry, limited analysis 

could be performed, and further research should be conducted to identify vault board 

characteristics for front handspring vault entries. 
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Conclusion 

In conclusion, this preliminary study provides enough information to investigate further 

the effects of spring configuration and the amount of compression achieved during the vaulting 

event. Further research will include the new leaf spring Evo-Board in order to create a 

comparison of maximum compression achieved when using both a traditional compression vault 

board and a leaf spring vault board. 
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CHAPTER 3. EVALUATION OF ARTISTIC GYMNASTICS VAULT BOARD DESIGN 

Courtney Middelkoop 1, Colten Fales 1, Richard Stone 1 

Iowa State University, Department of Industrial and Manufacturing Systems Engineering, Ames 

IA USA1 

Abstract  

The purpose of this study was to compare how gymnasts interact with different types of 

vault boards, specifically how the Evo-Board leaf spring design compares to a traditional 

conical spring vault board design. Fourteen female gymnasts performed five Yurchenko timers 

on five vault boards. Performances were measured via participant surveys, high-speed video, 

kinematics (knee angle at three vault board contact phases), vault board contact position, 

electromyography of four lower extremity muscles, and the amount of compression achieved by 

the gymnast on the vault board. In result, the Evo-Board leaf spring designed increases the sweet 

spot area by 37% in comparison to traditional conical spring vault boards. Survey results 

showed that participants preferred the anti-fatigue top surface of the Evo-Board more than the 

carpeted top surface. No significant differences were identified for the knee angle and muscle 

activation profiles across the five vault boards. The muscle activation for the biceps femoris 

showed the highest level of activation compared to the rectus femoris, tibialis anterior, and 

gastrocnemius medialis. In conclusion, it was identified that the gymnast does not change how 

they interact among different vault boards and their performance remains consistent. The Evo-

Board design does present additional benefits to the gymnast and its perceived value is ranked 

the highest among the other vault boards. 
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Introduction 

In 2003, the USA Gymnastics program transitioned the official vaulting apparatus from a 

horse to the vaulting table (Rand). Since then, there has been minor changes in the gymnastics 

equipment besides additional protective matting to reduce the risk of injury during practice and 

competition events. With the introduction of AAI’s new leaf spring Evo-Board, there has been 

no research that analyzes how the leaf spring design affects the gymnast. The product overview 

for the Evo-Board states that the vault board has a larger sweet spot, a softer and less jarring feel, 

and a predictable and consistent rebound (AAI).  

Previous studies have analyzed and characterized the gymnast’s interaction with the vault 

board. For example, Coventry’s study identified that there is no statistical significance between 

take-offs from the rear of the board to those from the middle when observing handspring vault 

drills, and concluded that modern vault boards have a larger sweet spot area (Coventry et al., 

2010). While Coventry’s study investigated vaulting characteristic behaviors during a handspring 

drill take-off, this study investigates those of a Yurchenko drill. Bradshaw conducted a study 

with five elite female gymnasts and concluded that vault board contact position was not a critical 

requirement for a successful Yurchenko entry vaulting performance (Bradshaw, 2004). 

The term sweet spot has been created by coach’s belief that a gymnast can optimize their 

performance while executing their vault by striking a specific location on the vault board (Taylor 

et al. 1972). Some gymnastics equipment manufacturers have included visuals on the vault board 

to represent a target area and coaches have also applied tape lines to highlight the target area on 

the vault board. However, there has been no research to date that addresses the sweet spot or 

optimal foot location on the vault board.  
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Other studies have used miniature Micro-Electro-Mechanical (MEMS) type 

accelerometer(s) and force plates to measure vaulting characteristics during the gymnast’s 

interaction with the vault board (Križaj and Čuk; Čuk, 2011; Sano, 2007). The purpose of these 

studies was to analyze vaulting characteristics to identify ways the gymnast can improve and 

optimize their vaulting techniques. Some gymnastics facilities have video monitoring systems 

that allow gymnasts to review their vaults to identify improvements. Currently, there is no 

‘smart’ vault board on the market that provides the gymnast and coaches direct feedback.  

Human performance can be measured in various ways. Qualitative methods, such as a 

survey, can be used to measure the participants perceived performance or how confident they felt 

when performing a skill. Quantitative methods, such as electromyography (EMG) and 

kinematics, can be used to measure the amount of muscle activation during a skill and analysis 

the motion of the gymnast. One study examined the muscle activation characteristics of lower 

extremity muscles during tumbling take-offs and identified that muscle activation characteristics 

in the pre-activation and impact phases differed between tumbling series (McNeal, Sands, 

Shultz, 2007).  

The purpose of this study is to quantitatively and qualitatively determine the significance 

of the Evo-Board and its leaf spring design. To do so, human subject testing was performed to 

compare the Evo-Board with other types of vault boards that have a conical spring design.  

Methods 

Participants 

Two groups of women artistic gymnasts participated in this study. Group 1 consisted of 

five National Collegiate Athletic Association (NCAA) Division I female gymnasts who attend 

Iowa State University. Within Group 1, participates ranged in age from 18 to 22 years old with 
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experience in the sport ranging from 11 to 19 years. One gymnast had previously competed at 

the Elite Level, which is the highest competitive level in gymnastics. The remaining four have 

competed at the NCAA Division I level. Due to the high frequency of injury within the sport, all 

participants had previously experienced an injury, but these injuries did not inhibit them from 

participating in the study. 

Group 2 consisted of nine club level female gymnasts. Within Group 2, participants 

ranged in age from 12 to 17 years old with experience in the sport ranging from 8 to 12 years. 

Competition levels within the group included gymnasts who had competed at Level 8, 9, or 10. 

Four out of the nine gymnasts did not report any incidence of injury.  

All participates have used vault boards similar to or the same one as the vault boards 

tested in the experiment. Group 1 athletes would be classified as elite or experts and Group 2 

athletes would be classified as intermediate to advance in gymnastics.   

Equipment 

This study used a variety of gymnastics vault boards which were provided by AAI 

(American Athletic Inc., Jefferson, IA). The vault boards varied in three aspects: manufacturer, 

top surface of the vault board, and spring type (Table 1).  

Table 1. Vault boards included in research study 

 Manufacturer Top Surface Spring Type 

Stratum® Vault 

Board 

AAI Carpet Compression 

Evo-Boards AAI Anti-fatigue Leaf 

Evo-Silver AAI Anti-fatigue Compression 

INTERNATIONAL 

Springboard (HARD) 

Speith Carpet Compression 

COMPETITION 

Performance Series 

Acceleration Board 

Speith Carpet Compression 
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Stratum® Vault Board (Figure 12) - This vault board is manufactured by AAI. It is 

approved by the Federation Internatinale de Gymnastics (FIG) approved and meets USAG, 

NCAA, NFHS and AAU competition specifications. Eight removable conical spring are placed 

within the vault board. For FIG sanctioned meets, a hard (eight spring) and soft (six spring) 

version are used and springs cannot be removed. The top surface will be described as carpet on 

top of foam. The total weight of the vault board is 60 pounds.  

Evo-Boards (Figure 13) - This vault board is manufactured by AAI. The Evo-Board uses 

the next evolution in leaf springs design to provide a larger sweet spot and a softer and less 

jarring feel allowing for more repetition for the gymnast (AAI).  A soft, medium, and firm vault 

board option are available because the leaf springs are non-removable. The top surface of the 

vault board is an anti-fatigue mat. The total weight of the vault board ranges from 49 to 57 

pounds dependent on the number of leaf springs within the vault board.  

Evo-Board Silver (Figure 14) - This vault board is manufactured by AAI. The vault board 

consists of eight to nine removable conical springs and has an anti-fatigue mat for the top 

surface. It could be described as a combination of the Stratum® Vault Board and Evo-Board. The 

total weight of the vault board is 55 pounds.  

INTERNATIONAL Springboard (Hard) (Figure 15) - This vault board is manufactured 

by Speith. FIG approved, this vault board consist of eight non-removable conical springs and the 

top surface is designed with curved multi-ply timber and carbon fiber covered in carpet (Speith). 

The total weight of the vault board is 56 pounds.   
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COMPETITION Performance Series Acceleration Board (Figure 16) - This vault board is 

manufactured by Speith. This vault board consists of seven removable conical springs, four hard 

and three soft springs placed in a strategic configuration (Speith). The top surface is carpeted with 

three white lines for visual reference. The total weight of the vault board is 51 pounds. 

 
Figure 12. Stratum® Vault Board 

 
Figure 13. Evo-Board (soft, medium, hard) 

 
Figure 14. Evo-Board Silver 
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Figure 15. INTERNATIONAL Springboard (Hard) 

 
Figure 16. COMPETITION Performance Series Acceleration Board 

 

Data Collection Equipment 

The EMG signals were gathered using ProComp encoders and recorded by BioGraph 

Infiniti system with a sampling rate of 2048 HZ. Four Pro Sensors were used to measure muscle 

activity during the vaulting performance and were placed on the following muscles: biceps 

femoris, rectus femoris, tibialis anterior, and the gastrocnemius medialis. These muscles were 

selected because they are the main muscles for the upper and lower legs. The biceps femoris and 

rectus femoris muscles allow gymnasts to produce speed for the vault run and power during the 

take-off from the vault board. Gymnasts use the tibialis anterior and gastrocnemius medialis for 

pointing and flexing the foot and for jumping.  
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Figure 17. Target muscles collected during EMG 

 

Three Go Pro cameras were used to record the gymnast while they performed their vaults 

and to collect two-dimensional kinematic data. One Go Pro captured the overall/wide view, the 

second focused on the lateral side of the vault board, and the third angled down onto the top/front 

surface of the vault board. The Go Pro cameras captured video with a resolution of 1080p at 120 

frames per second. The research team decided to use Go Pro cameras because it allowed us to 

collect video during the experiment without having to use additional bright lighting that 

traditional high-speed cameras use. This eliminated the risk of distracting the gymnasts during 

their performance.  

A Garmin 735XT was placed on the wrist of the gymnasts to monitor heart rate 

throughout the experiment. The Garmin 735XT was only used to monitor the athlete as they 

performed the study and the data collected was not used for analysis.  

A Vault Board Sensor was designed for this experiment using an Arduino Uno and three 

Sharp GP2Y0A41SKOF Analog Distance Sensors 4-30cm. The three distance sensors were 

placed on the underside of the vault board (Figure 18). These distance sensors were connected to 
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an Arduino Uno which was powered by a computer. The Arduino code written for this study and 

utilized for the Vault Board Sensor can be seen in Appendix B. 

 
 

Figure 18. Location of three distance sensors on vault board 

 

The data collected during the experiment was the change in compression and the 

maximum compression achieved on the vault board. The Vault Board Sensor was created for this 

research study to measure the maximum compression achieved on the vault board and its values 

were compared to the those identified through video analysis.  

A Vault Safety Zone (Figure 19) was used to ensure the safety of the gymnast during 

their vault performance. Video grid lines were placed on the inner portion of the mat to measure 

the amount of compression during each vault by ±.25 inch. With the safety of the gymnast being 

of high importance during this study, we believe that ±.25 inches was the minimum tolerance we 

could accept for our video analysis without compromising their safety. 

 
Figure 19. Vault Safety Zone 
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Experimental Procedures 

This study was approved by the Institutional Review Board (IRB), which can be found in 

the Appendix A. Upon arrival, the participants were given an informed consent form that 

provided a general overview of the research study. The study consisted of three sessions. During 

Session One, participants read, reviewed, and signed the informed consent document. 

Participants were then given a pre-study survey to complete which included basic information 

regarding their gymnastics career, injury history, and current preferences in gymnastics 

equipment. Upon completion, participants were given a five minute warmup period in order to 

collect an accurate reading when taking maximum voluntary contraction measurements. After 

the warmup, the electromyography (EMG) system was placed on the participant. Four sensors 

were placed on the following muscles: biceps femoris, rectus femoris, tibialis anterior, and the 

gastrocnemius medialis. The maximum voluntary contractions (MVC) were then collected by 

conducting standardized strength tests that targeted the specific muscles. To ensure proper 

placement of the surface electrodes and the correct strength test exercises, SENIAM 

recommendations for sensor locations and clinical tests were used (SENIAM).  

During Sessions Two and Three, participants performed five vault timers on five 

different types of vault boards and completed a post-study survey after each session. The order of 

the five vault boards were randomized. Participants completed five vault timers on three of the 

vault boards during Session Two and completed five vault timers on the remaining two vault 

boards during Session Three. The EMG system was placed on the participant, along with the 

Garmin 735XT watch during these sessions. Before beginning the experiment with a vault board, 

the EMG system, Garmin 735XT, and Go Pro cameras were all turned on to record the five vault 

timers. Participants were provided a three minute warmup period for every vault board, seven 
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minutes to complete the five vault times, and three minutes of rest between vault boards. The 

warmup period was given to allow the participant a practice round with each vault board to 

ensure an accurate representation of their vault timer on the first trail. Rest was given between 

each vault to prevent fatigue.  

 Data Analysis 

The independent variables in the study were the five vault boards (Stratum ® Vault 

Board, Evo-Board, Evo-Board Silver, INTERNATIONAL Springboard (HARD), and 

COMPETITION Performance Series Acceleration Board). The dependent variables included the 

amount of compression achieved on the vault board, the knee angle during the contact phases 

(initial contact, maximum compression, and take-off), the amount of muscle activity, and the 

qualitative rating for overall performance, top surface, and bounce of the vault board.  

The Vault Board Sensor was placed on the Stratum® Vault Board (control) and the Evo-

Board (experimental) during Group 2’s vault timers. The VBS was manually switched on once 

the participant began running for their vault timer and it collected the change in compression of 

the vault board as the participant punched the vault board. The maximum compression was then 

calculated by taking the initial starting distance and subtracting the minimum distance collected 

during the participants interaction with the vault board. A two-way (factorial) ANOVA was used 

test effects of the amount of compression measured by the two measurement methods, the Vault 

Board Sensor and through video analysis. 

Video analysis software was used to analyze the gymnast’s contact position on the vault 

board and the two-dimensional kinematic data was used to assess the gymnast’s knee angle 

during the three phases of interaction with the vault board: initial contact, maximum 

compression, and take-off (Kinevoa). The vault board surface was divided into a 6x4 grid system 
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to determine the frequency of the gymnast’s contact position on the vault board with the black 

dots representing the spring placement on the vault board (Figure 20). The gymnast’s contact 

position was determined by the location of the lateral malleolus on vault board contact, a method 

previously used by Coventry et al. (2010). The lateral view Go Pro camera was used to 

determine the gymnast’s X-location and the top view Go Pro camera was used for the Y-location 

on the vault board.  

Three body landmarks were used to collect the angle of the knee and full extension of the 

knee joint was defined at 180o. The knee angle was extracted from the kinematic data and was 

analyzed via 5 vault boards x3 vault board contact phases (initial contact, compression, and take-

off) x14 participants for a within-factor repeated measure ANOVA (p < .05).  

 
Figure 20: 6x4 grid system for the vault board 

 
 For each vault board, participants completed five vault timers. The average muscle 

activation peak high was taken across the five vault timers for the four muscles being measured. 

The raw EMG data was fully rectified and smoothed using a Butterworth’s filter. Muscle 

activations were then normalized by the participants maximum voluntary contraction to analyze 

the percentage of the maximum value obtained for each muscle (Mirka, 1991). To assess the 

significance between EMG signals for the five vault boards, a one-way repeated measure 

analysis of variance was used to assess the differences in muscle activation for each vault board. 
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The factors analyzed were four muscles (biceps femoris, rectus femoris, gastrocnemius medialis, 

and tibialis anterior) and five vault boards.  

Results 

Survey Results & Comments 

Pre-Study 

All participants completed a pre-study survey during Session 1. The survey asked 

participants information regarding their gymnastics experience, injury history, and 

anthropometric measurements. It also included questions about what their vault board preference 

is, how many springs they use in the vault board, and their perceived performance on the 

vaulting apparatus.  

 Table 2 shows the participants ranges for age, anthropometric measurements, and years in 

gymnastics for Groups 1 and 2. All five participants in Group 1 have competed at the NCAA 

Division I level and one participant had previously competed at an Elite Level before becoming a 

collegiate gymnast. Group 2 consisted of four Level 8’s, one Level 9, and four Level 10 

gymnasts. The average reported performance rating based on the participants own perception 

was 8.09 out of 10 among both groups. Level 8 was the minimum required level to have 

competed because the Yurchenko vault timers required to perform are trained and competed 

from Level 8’s up to the Elite Level. That being said, the Level 8’s included in the study would 

be ‘beginners’ to this skill.  
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Table 2. Description of participants for Group 1 and 2 

 

From the survey, we identified that 71% of the participants included in this study had 

previously experienced an injury from gymnastics. Injury sites reported included ankle/foot 

(46%), hand/wrist (23%), back (23%), achilles (8%), and elbow (8%). With safety as our highest 

priority, we ensured that participants were not currently suffering from any injuries, and that they 

were physically able to perform the skills required of them. The four athletes that reported no 

injuries were among the youngest participants in Group 2.   

When asked what vault board the participants used or preferred, all responded with the 

AAI TAC/10 Vault Board and the Elite gymnast also included a Gymnova vault board. Some of 

the reasons why they use or prefer this vault board included: “it is provided by our gym”, “it is 

what I am used to”, “it is bouncy, not slippery, and easy to make adjustments”, and “it is what I 

practice on”. The TAC/10 Vault Board is one of the most common vault boards used by club and 

collegiate gymnasts. It is the official vault board of the NCAA® Women’s Gymnastics 

Championship and it meets USAG competition specifications (AAI). This vault board has eight 

conical springs that can be removed based on the gymnast’s preference. The participants reported 

the following spring configurations (Figure 21-25). The amount of variation in spring 

configurations is because gymnasts base their vault board setting from their perceived “feel” on 
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the vault board. Some other factors that are considered is the weight of the gymnast, the amount 

of “spring” desired, and the tightness on the vault board.  

 
Figure 21. Five Springs 

 
Figure 22. Six Springs 

 

 
Figure 23. Seven Springs (a) 

 
Figure 24. Seven Springs (b) 

 

 
Figure 25. Eight Springs 
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Post-Study 

After Session Two and Three, participants completed a post-study survey. Participants 

were asked to describe their interaction after every vault boards. For example, the general “feel” 

of the vault board, whether or not they liked the top surface of the vault board, and how they felt 

they were able to perform while using the vault board. They were also asked to rate each vault 

board on a scale from 1 to 10, with 1 meaning they would not use the vault board again, 5 they 

would possibly use it, and 10 meaning they would use the vault board again. 

In result, the average rating score was calculated from the participants responses and the 

Evo-Boards received the highest rating score at a 7.5. The Evo-Board Silver board came in 

second with a rating score of 6.33, followed by the COMPETITION Performance Series 

Acceleration Board (6.08), Stratum® Vault Board (5.92), and INTERNATIONAL Springboard 

(Hard) (5.46).  

Table 3. Ranking of Vault Boards 

 
From the written survey results, a verbal protocol analysis was used to examine and 

quantify the responses (Trickett and Trafton, 2009). The results were broken up into three 

categories: overall description, top surface, and bounce of the vault board. Participants comments 

were identified as favorable, neutral, and unfavorable and given a corresponding score of 1, 0.5, 

0 respectively. Table 4 demonstrates some key words used to identify and rate the interactions. 
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Table 4. Key words used to assess verbal analysis 

 
After the verbal protocol analysis was perform, a percentage was calculated by summing 

up the total value from all the participants responses for each vault board. The sum was then 

divided by the number of responses evaluated. In result, the Evo-Board received the highest 

percentage score for the two categories, Top Surface (86%) and Bounce (75%). Table 5 shows 

the results for all the vault boards. The Evo-Board Silver was second in rating both for Top 

Surface (77%) and Bounce (58%). Both the Evo-Board and Evo-Board Silver have an anti-

fatigue mat as the top surface for the vault board. INTERNATIONAL Springboard (Hard), 

COMPETITION Performance Series Acceleration Board, and the Stratum® Vault Board have a 

foam surface with carpet material covering it which is traditionally seen. As we see from the 

result, the participants preferred the anti-fatigue top surface over the traditional carpet surface. 

Table 5. Verbal protocol results for Top Surface and Bounce of the vault boards 

 

  

 

 

 

 

 

 Favorable  Neutral Unfavorable 

Top Surface Not slippery, soft, not 

too hard, nice texture, 

my favorite 

A little slippery, did 

not mind/matter, 

okay 

Slippery, hard, loud  

Bounce Not too stiff or 

bouncy, sturdy, softer  

A little too stiff or 

hard, decent bounce, 

okay 

Stiff, hard to get 

enough punch/power 
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Vault Board Sensor (VBS) 

During the experiment, 61 vaults were recorded using the VBS and 48 samples had 

usable data. The maximum compression values collected from the VBS for the Stratum® Vault 

Board (mean = 3.36 inches, SD = 0.479) and the Evo-Board (mean = 3.84 inches, SD = 0.430) 

were compared against the maximum compression values collected through video analysis (VA). 

Significant differences were observed in the amount of compression achieved between the vault 

boards (p = 0.002) but no significant differences were seen by the type of measuring method 

used to identify the amount of compression. Similar to the video analysis data, the amount of 

compression achieved by the participants was greater on the Evo-Board compared to the 

Stratum® Vault Board.  

Some explanations in measurement variation could be from the sensitivity of the distance 

sensors. Previous studies have identified that the total board contact time for a round-off entry 

vault was on average 0.15 seconds with a compression and repulsion time average of 0.08 

seconds each (Bradshaw, 2004). For the Arduino code written for this application, the delay 

parameter was set to a delay (5) meaning there was a 5 millisecond pause between every reading. 

Theoretically, this parameter should collect a very accurate reading, but other factors play a role. 

For example, the amount of light underneath the vault board, the color of reflective surface, and 

the quality of the distance sensor itself.  

Video Analysis 

 Sweet Spot 

The total number of foot contacts for each area in the grid was collected. The percentage 

of contact hits was then calculated by dividing the number of contacts in each area of the grid by 

the total number of contacts for a single vault board. Based on the percentages, a heat map was 
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created to visually represent the area on the vault board where the gymnasts hit. Figures 26-35 

show the contact percentages for Vault Boards 1 - 5 for Groups 1 and 2. All vault boards are the 

same in size (length and width) but varied in spring configuration, spring type, and top surface. 

Table 6. Vault Board Key 

 

 
Figure 26. Vault Board 1 – Group 1 

 
Figure 27. Vault Board 1 – Group 2 

 
Figure 28. Vault Board 2 – Group 1 

 
Figure 29. Vault Board 2 – Group 2 
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Figure 30. Vault Board 3 – Group 1 

 
 Figure 31. Vault Board 3 – Group 2 

 
Figure 32. Vault Board 4 – Group 1 

  
Figure 33. Vault Board 4 – Group 2 

 
Figure 34. Vault Board 5 – Group 1 

 
Figure 35. Vault Board 5 – Group 2 
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Although the sweet spot on a vault board is not scientifically defined, we have defined 

the sweet spot as the four-grid area shown in Figure 36. Group 1 consistently hits this defined 

sweet spot on average 84% between all 5 vault boards. We have assumed this sweet spot based 

on the data collected because Group 1 consists of expert gymnasts which have proven a high 

level of performance by competing at the NCAA Division I or Elite Level. By defining the sweet 

spot of the vault board, it allows us to compare and evaluate the gymnast’s interactions between 

the vault boards.  

 
Figure 36. Defined ‘sweet spot’ and hit percentages within the ‘sweet spot’ 

 

When comparing the percentages of hitting the ‘sweet spot’, Group 1 had an average of 

84% compared to Group 2 whose average was 53%. One reasoning behind this is the experience 

difference of the gymnasts between groups. On average, Group 1 participants had six more years 

of experience in the sport. Gymnastics is a sport of repetition to attain perfection. The goal is to 

make every skill consistent to allow the gymnast to execute the skill the same way on any given 

turn. Another factor is that Group 2 participants are either new to Yurchenko vaults or have only 

trained and competed it for one to three years. Whereas at the NCAA Division I or Elite Level, 

these gymnasts have been performing Yurchenko vaults for five plus years. 
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 As we see with the Vault Board 3 (Evo-Board), there is a greater variation from the 

defined sweet spot where Group 1 and 2 had a hit percentage of 75% and 48% respectively. 

Although with a lower hit percentage than average and a larger hit area, we did not see an effect 

on the maximum compression amount the gymnast achieved on the vault board. With Group 1 

and 2 combined, the average amount of maximum compression was 3.836 inches with a standard 

deviation of 0.789 on Vault Board 3. This standard deviation value was the second lowest when 

comparing the five vault boards. The lowest standard deviation value was from Vault Board 5 at 

0.562 with an average maximum compression of 4.078 inches. When comparing the ‘sweet spot’ 

hit percentages, Vault Board 5 was among the top two for both Group 1 and 2. Unlike all the 

other vault boards, Vault Board 5 was the only board to have a visual represented on the top 

surface of the vault board. This could be one conclusion as to why the gymnasts were more 

consistent hitting this vault board compared to the others.  

 
Figure 37. Vault Board 5 

 

Compression 

The amount of maximum compression achieved on each vault board showed a statistical 

difference (f = 72.43, p < 0.0001). Vault Board 5 exhibited the largest value for maximum 

compression at 4.078 inches (SD = 0.562) and Vault Board 3 with the second largest value at 

3.836 inches (SD = 0.789). Both Vault Board 3 and 5 varied in spring configuration compared to 

Vault Boards 1, 2, and 4. Vault Board 5 had seven removable conical springs, four hard and 

three soft springs that were place in different design configuration than traditional vault boards. 
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Figure 38 shows the spring configuration in comparison to the other vault boards. Vault Board 3 

consisted of eight leaf springs, which is the only vault board with the leaf spring design.  

  
Figure 38. Difference in spring configuration for Vault Board 5 compared to Vault Boards 1, 2, 

& 4 

 

Table 7. Maximum compression achieved on each vault board 

 

Knee Angular Positions 

 The type of vault board did not show a statistical main effect on the gymnast’s kinematic 

reaction for the knee angle (f = 2.06, p = 0.0883). The knee angle phase showed a statistical 

difference (f = 299.27, p < 0.001). The two-factor interaction with phase x vault board did not 

have a statistical difference. The three-factor interaction with phase x vault board x participant 

identified some detectable effects but the magnitude of these effects are not large enough to 

discuss further. On average, the participants knee angle during the board contact phases was 148o 

for initial contact, 140o for maximum compression, and 166o during take-off. These values 

compare with a previous study that identified knee angle position during the three vault board 

contact phases (Penitente, 2014). Only a three-degree difference was observed between the vault 

board contact phases. There is no surprise that the knee angle during the board contact phases are 
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different. When the gymnast first hits the vault board, there should be some amount of flexion in 

the knee because the gymnast is preparing to contact the vault board. As the gymnasts progresses 

to the maximum compression phase, we see greater flexion in the knee as they use their 

momentum and length strength to compress the vault board. At the take-off phase, the gymnast 

extends their legs in order to achieve the maximum amount of rebound from the vault board. 

From this analysis, we can conclude that the gymnast’s kinematic performance is not affected by 

the type of vault board they use. Their interaction during the initial contact, maximum 

compression, and take-off phase remain consistent across all the board. 

 

Figure 39. Knee angle at initial contact, maximum compression, and take-off 

 

Electromyography (EMG) Analysis 

The peak height for muscle activation was taken for each of the five vault timers and 

averaged. The analysis of variance performed on the EMG muscle data did not show significant 

difference across vault boards for each muscle (p > .05). A statistically significant difference was 

evident across the muscles analyzed (p < .0001). Figure 29 shows the average percentage of 

maximum voluntary contraction for each muscle across the five vault boards. The biceps femoris 

was on average 20% higher across all vault boards compared to the other muscles analyzed. The 

second muscle that exhibited more activation was the gastrocnemius medialis.   



www.manaraa.com

41 

 

 
Figure 40. Mean values for muscles across the five vault boards 

 

Table 8. Percent of MVC – mean value of each muscle 

 Biceps Femoris Rectus Femoris Tibialis Anterior Gastrocnemius Medialis 

Vault Board 1 23.11 0.56 0.03 1.41 

Vault Board 2 22.15 0.99 0.05 1.11 

Vault Board 3 25.27 082 0.06 0.82 

Vault Board 4 22.65 0.81 0.05 1.01 

Vault Board 5 21.69 0.89 0.04 0.86 

 

The muscle activation profiles can be seen in Appendix E. The smoothed EMG data was 

plotted in a table with the percentage of maximum voluntary contraction being on the y-axis and 

time being on the x-axis. For each vault board, five peaks are evident in the graphs which can be 

identified as when the gymnast strikes the vault board. The signal from the biceps femoris is 

always the strongest in comparison to the other muscles. The biceps femoris helps perform knee 

flexion. As discussed previously, the gymnast achieves the greatest amount of knee flexion at the 

maximum compression phases on the vault board. The peak in muscle activation for the biceps 

femoris is evidence of the gymnast’s knee flexion during the vault board contact. Figure 30 is an 

example of the muscle activation profile seen for a given board.  
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Figure 41. Muscle activation profile for Participant 11, Vault Board 1 

 

Discussion 

The main purpose of this study was to assess how the gymnast interaction with different 

types of vault boards, specifically the Evo-Board. By using techniques related to human impact 

and performance and product design and testing, we were able to better understand how the 

gymnast interacts with the vault boards. Quantitative and qualitative analysis methods were used 

to determine the significance of the leaf spring design of the Evo-Board.  

The primary result of this study indicates that the Evo-Board did not negatively impact or 

affect how the gymnast interacted with the vault board. There were statistically significant 

differences in the amount of maximum compression achieved among the vault boards. On 

average, the gymnasts achieved the second highest maximum compression value on the Evo-

Board and it received the highest rating score by the gymnasts. This vault board also presented to 
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have a larger sweet spot or acceptable contact area without negatively affecting the gymnast’s 

amount of compression on the vault board. With a defined ‘sweet spot’ area of 25%, the 

acceptable contact area for this vault board increased by 37%. This allows for a greater variation 

in contact position when the gymnast hits the vault board. While consistency is key, this also 

allows for gymnast to train new skills on the vaulting event and still achieve an optimal 

compression on the vault board.   

The Vault Board Sensor could be used to analyze the gymnast’s performance on the vault 

board for training or competition purposes. As mentioned before, gymnastics is a sport of 

perfection and to achieve this, gymnasts must consistently do the same thing repeatedly. To 

reduce the amount of variation during a gymnast’s vault, one might want to know how much 

they compressed the vault board during their vault. The Vault Board Sensor would allow 

gymnasts and coaches to monitor the amount of compression and to maintain consist readings 

during both practice and competition vaults. 

The kinematic results indicated that there are statistical differences in the knee angle for 

the three contact phases: initial contact, maximum compression, and take-off. More importantly, 

the results showed that the knee angle during the phases are not statistically different across vault 

boards. The gymnasts knee angles remained consistent regardless of the vault board they used. 

Although the knee angle changed between phases, this was to be expected.  

The findings from the EMG showed a spike in muscle activation as the gymnast 

interacted with the vault board. The normalized EMG data result showed that there was no 

statistical difference in the muscle activation profile across the vault board. There was a 

statistical difference in the amount of muscle activation for each muscle. The biceps femoris had 

the highest level of muscles activation during the gymnast’s interaction with the vault board. 
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This makes sense in the case that the biceps femoris main function is to aid in flexion of the 

knee. As the gymnast transitions through the vault board contact phases, there is an increase in 

knee flexion with the maximum flexion achieved during maximum compression phase on the 

vault board.  

Conclusion 

In conclusion, this project seeks to shift current research in the sport of gymnastics from 

optimizing the gymnast’s performance to identifying ways gymnastics equipment manufacturers 

can better design equipment to fit the gymnast. AAI claims that the Evo-Boards have a “larger 

sweet spot allowing for variations in entry position” is a valid statement. AAI should consider 

placing a visual on their vault board to provide the gymnast a visual target area aiding them on 

where they should hit the vault board. Participants also preferred the anti-fatigue top surface of 

the Evo-Board and Evo-Board Silver in comparison to the carpeted surface. The Evo-Board leaf 

spring design does not allow for variation in spring configurations which traditional conical 

spring vault boards have. With both studies, we saw a variation in spring configuration among 

participants. Future work should include designing an Evo-Board that allows for a variation in 

spring configurations. The research also validates that AAI should consider expanding their 

product line to include new monitoring sensors to the vault boards to help coaches measure the 

athlete’s ability to consistently optimize their vaults. AAI’s creation of a “smart” vaulting board 

would also help increase future demand and revenue from this type of equipment. This type of 

advancement in the vault board design could help increase vaulting consistency and reduce 

variations resulting in improved safety for the gymnasts.  
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APPENDIX A: IRB APPROVAL 
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APPENDIX B: VAULT BOARD SENSOR (VBS) 

 

Figure 1B. Arduino code for VBS 
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Figure 2B. JMP Analysis – Two-way within subject repeated measure analysis of variance 

(2 measuring methods x 2 vault boards x 8 participants) 
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APPENDIX C: COMPRESSION ANALYSIS 

 

Figure 1C. Average of maximum compression (inches) 
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Figure 2C. Average of average compression (inches) 
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APPENDIX D. KNEE ANGLE 
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Figure 1D. JMP Analysis – 5 vault boards x3 contact phases x14 participants within-factor 

repeated measure ANOVA 

 

 

Figure 2D. Mean knee angle across vault board phases (across vault boards, across 

participants) 
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Table 1D.  Average knee angle for 5 vault timers across phases per participant and vault 

board 

    Average Knee Angle for 5 vault timers (degrees) 

Participant Vault Board 

Phase 1             

Initial Contact 

Phase 2              

Maximum 

Compression 

Phase 3                    

Take-Off 

11 1 146.60 142.60 165.80 

  2 141.00 144.60 164.40 

  3 142.00 140.40 165.40 

  4 144.80 138.20 162.80 

  5 145.00 139.80 166.60 

12 1 143.80 139.40 154.00 

  2 145.40 142.60 160.00 

  3 144.00 141.60 170.80 

  4 143.00 138.00 157.00 

  5 142.33 140.33 161.33 

13 1 139.20 132.20 156.40 

  2 152.00 140.00 158.33 

  3 146.80 139.20 171.20 

  4 146.20 135.40 158.00 

  5 144.00 137.80 165.80 

14 1 139.20 134.20 149.00 

  2 157.00 148.00 161.33 

  3 150.20 146.20 166.00 

  4 154.60 141.00 155.20 

15 1 150.40 141.00 162.00 

  3 157.00 142.40 164.40 

16 1 156.60 148.00 159.60 

  2 157.20 146.60 160.40 

  3 154.60 144.00 165.40 

  4 151.20 147.40 158.80 

  5 150.40 149.80 162.60 

18 1 157.20 135.80 166.60 

  2 157.40 134.60 168.00 

  3 154.60 143.20 173.20 

  4 145.40 136.60 163.00 

  5 151.60 138.80 165.20 

19 3 147.00 153.80 169.00 

  4 143.60 146.60 169.60 

  5 144.20 146.20 170.80 

20 1 149.20 148.00 171.00 
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  Table 1D.  (continued)  

  2 154.80 150.00 174.60 

  3 140.20 142.00 173.80 

  4 142.60 138.40 171.40 

  5 147.60 146.00 177.40 

21 1 169.00 164.20 178.20 

  2 170.50 158.75 172.50 

  3 166.00 153.80 174.20 

  4 170.20 157.00 170.80 

  5 166.60 154.20 174.40 

22 1 145.60 143.00 176.20 

  2 143.00 136.20 165.40 

  3 141.40 135.20 171.40 

  4 145.00 137.40 167.60 

  5 143.40 140.20 167.80 

23 1 147.25 127.50 152.75 

  2 151.80 130.60 166.80 

  3 147.00 133.25 173.25 

  4 152.00 130.33 165.00 

  5 155.00 139.00 170.00 

24 2 136.20 121.40 163.80 

  3 138.80 123.00 169.80 

  4 138.20 111.80 161.80 

  5 135.60 122.00 164.60 

25 2 135.80 141.00 174.20 

  3 136.40 143.40 177.00 

  5 139.00 144.20 173.80 

          

Average   148.42 140.79 166.35 
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APPENDIX E. EMG ANALYSIS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1E. JMP Analysis – One-way repeated measure ANOVA (mean peak height) (top 

left/right- biceps femoris/rectus femoris, bottom left/right – tibialis anterior/gastrocnemius 

medialis) 
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Figure 2E. 5 vault board x4 muscles x14 participants within-factor repeated measure MANOVA 
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Figure 3E. EMG profiles - Participant 11 
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Figure 4E. EMG profiles - Participant 12 
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Figure 5E. EMG profiles - Participant 13 

 

 



www.manaraa.com

65 

 

 

 

 

 

 

 

Figure 6E. EMG profiles - Participant 14 
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Figure 7E. EMG profiles - Participant 16 
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Figure 8E. EMG profiles - Participant 18 
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Figure 9E. EMG profiles - Participant 19 
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Participant 20 

 

 
 

 

 

 

 

 

 

Figure 10E. EMG profiles - Participant 20 
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Figure 11E. EMG profiles - Participant 21  
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Figure 12E. EMG profiles - Participant 23 
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Figure 13E. EMG profiles - Participant 24 
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Figure 14E. EMG profiles - Participant 25 
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