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ABSTRACT 

Plyometric training (PT) is a popular method used to improve vertical and 

horizontal jump performance. However, the influence of training surface and volume on 

the effectiveness of PT remains unclear. The purpose of this dissertation was to examine 

the effects of training surface and volume following a 6-week PT program on jump 

performance in physically active individuals (PAI). For study 1, participants (N = 18) 

completed a 6-week PT program on either a soft (2-inch foam surface; n = 9) or hard 

(hardwood gymnasium floor; n = 9) surface. Vertical jump performance was assessed by 

squat jump (SJ), counter-movement jump (CMJ), and approach jump (AJ) before and 

after the PT program. For Study 2, participants (N = 12) completed a 6-week PT program 

with either moderate volume (1460 total foot contacts) or high volume (1850 total foot 

contacts).Jump performance was assessed using broad jump (BJ), SJ, CMJ, AJ. 

Participants for both studies were recruited through email at Middle Tennessee State 

University. The results of the first study indicated significant improvement in SJ, CMJ, 

and AJ regardless of training surface. The results of the second study similarly indicated 

significant improvement from pre- to post-testing for BJ, CMJ, and AJ, regardless of 

training volume. Notably, neither training group exhibited significant improvements in SJ 

performance. Considering the findings of these studies, practitioners looking to elicit 

improvements in vertical jump should align the PT training surface with individual needs, 

preferences, and resources. Additionally, improvements in vertical and horizontal jump 

performance can be elicited with programs as low as 1460 total foot contacts. With the 

two volumes utilized in this dissertation, there is no apparent benefit to the higher 

training volume based on the outcomes measured.  
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CHAPTER I 

DISSERTATION INTRODUCTION 

The ability to produce vertical and horizontal lower body power is important in 

sports such as basketball, football, volleyball, and track. One common method for 

increasing lower body power is through plyometric training (PT), which a category of 

strength training that involves jumping, sprinting, and throwing exercises. The exercises 

included in PT utilize the stretch-shorting cycle, where a muscle is stretched immediately 

before contraction (Young et al., 1995).  

Neural adaptations are one source of improvement in lower body power following 

PT. These adaptations include increased motor unit recruitment, synchronization, and 

increased neural drive to the working muscles (Earle & Baechle, 2004; Gabriel et al., 

2006). Adaptations to motor unit recruitment include recruiting more motor units, thus 

allowing an increase in force production (Aagaard, 2003 & Gabriel et al., 2006). 

Additionally, PT allows for improved synchronization of motor units also yielding an 

increase in force production (Earle & Baechle, 2004). Lastly, PT increases neural drive to 

the working muscles, increasing stimulation from the spinal motoneurons during 

maximal contraction causing an increase in motoneuronal output that increases power 

(Aagaard et al., 2002; Gabriel et al., 2006; Hakkukinen et al., 1985; Hedayatpour & Falla, 

2015; Maffiuletti et al., 2002; Markovic & Mikulic, 2010; Moritani & deVries, 1979; & 

Robinson et al., 2004).  
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When programming for PT there are several factors to take into consideration, 

one of which is training surface. The majority of the time PT is performed on a hard 

surface such as a gymnasium floor. However, variations in training surface have been 

documented in the literature. Although the composition of hard and soft surfaces varies 

between studies, there are some key traits of hard and soft surfaces. Some significant 

characteristics for a hard surface would be minimal shock absorption, high rebound 

effect, and high impact on joints. Examples include wooden gymnasium floors and 

synthetic or concrete floors. Soft surfaces have higher shock absorption, reduced 

rebound, and lower impact on joints. Examples of soft surfaces include sand, water, and 

foam mats. Training surface may be= altered for several reasons, including performance 

optimization, injury prevention, PT variability, rehabilitation, and developmental or 

specialized training. For example, Ramírez-Campillo et al. (2013) identified that 7-weeks 

of PT on a soft surface (sand) yielded less muscle damage training than on a hard training 

surface (gymnasium floor). However, both groups increased vertical and horizontal jump 

performance. In consideration of these comparisons, it has been suggested that training 

on soft surfaces may result in enhancements to the musculoskeletal system, whereas 

training on hard surfaces may lead to neuromuscular enhancements (Ramirez-Campillo et 

al. 2013; Robinson et al., 2004). 
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Another component of PT to be taken into consideration is training volume (de 

Villarreal et al., 2009). Training volume is regularly quantified as the number of foot 

contacts per training session. Potach and Chu (2008) recommended 80 to 100, 100 to 

120, and 120 to 140 foot contacts per training session for those with beginner, 

intermediate, and advanced experience, respectively. In accordance, Yanci et al. (2017) 

observed no difference in lower extremity power improvements in professional Futsal 

players following 6-week programs with one or two weekly training sessions, as long as 

weekly foot contacts remained similar (96-176/week). In support of the importance of 

weekly foot contacts being an appropriate measure of volume, Yanci et al. (2016) 

demonstrated no difference in horizontal power improvement following 6 weeks of 

training with 180 or 360 weekly foot contacts over two training sessions per week in 

professional male soccer players. Importantly, exceeding an individual's training volume 

limit in PT programs will not significantly improve jump performance compared to a 

lower volume, and may elevate the risk of overuse injuries (Çđmenlđ et al., 2016; Yanci 

et al. 2016). Hence, it is crucial to tailor the training volume and intensity according to 

everyone’s training background and injury status. While there are studies examining the 

effect of training volume on adaptations with athletic populations, this remains to be 

explored with physically active individuals (PAI). Employing PAI as participants in this 

study is warranted, given its broad-ranging implications in areas such as health, 

performance, injury prevention, diversity in physical activity levels, motivation, and 

adherence to exercise programs, education, and the optimization of exercise programs for 
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a diverse population. The findings of this research hold practical significance for 

individuals aiming to enhance their physical fitness and performance. 

Currently most PT research on training volume and surface composition is 

performed with high school or elite athletic populations. There is a lack of research on PT 

for PAI. While their fitness goals may align, PAI often vary in training levels compared 

to elite athletes. Continuing research on this population allows fitness professionals to 

tailor PT programs to meet the specific needs and capabilities of this group. 

Purpose of the Study 

The purpose of the first study in this dissertation  was to compare changes in 

vertical lower body power following 6-weeks of PT on a soft training surface (2-inch 

wrestling mat) versus a hard training surface (hardwood gymnasium floor) with PAI. 

Vertical lower body power was assessed with squat jumps (SJ), countermovement jumps 

(CMJ), and approach jumps (AJ). The second purpose of this study was to compare the 

effects of a 6-week PT program with 90-140 weekly foot contacts versus 115-180 weekly 

foot contact (30% increase) on vertical and horizontal lower body power in PAI. The 

outcomes were assessed on SJ, CMJ, AJ, and broad jump (BJ) performance. 

Significance of the Study 

This study will add to the body of knowledge of PT and will continue to shed 

insight on environmental factors (surface area) and program design (volume training). 

This material will aid in providing PT research on a diverse range of PAI which can lead 

to a broader understanding of PT impact on different demographic groups. This can help 

in addressing disparities in sports science research and ensuring that findings are 
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applicable to a wider population. Investigating research on PAI will provide insight that 

can be directly applied to the everyday training and fitness routines to a large 

demographic.  
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CHAPTER II 

REVIEW OF LITERATURE 

Introduction 

This review begins with background information on the theoretical basis of 

plyometric training. This includes the mechanical model and neural factors that affect 

plyometric training. Next are factors to consider when creating a plyometric training 

program, including modalities, intensity, volume, recovery, and progression. Lastly, the 

review covers the effects of performing plyometric training in water, as well as 

comparing the effects of training on rigid and non-rigid surfaces.  

Theoretical Basis of Plyometric Adaptions  

Mechanical Basis 

 The theory behind plyometric training is to increase power using movements that 

utilize the natural elastic components of muscles and tendons, as well as those that 

activate the stretch reflex (Smith & Clark, 2014). Plyometric exercise enables skeletal 

muscles to reach maximum strength as quickly as possible (Smith & Clark, 2014). 

Factors that affect the mechanical efficiency of power can be broken down into four 

categories including: (1) excitability of the brain to respond to a stimulus via 

neurotransmitters (acetylcholine); (2) contractility of the muscle to develop tension; (3) 

extensibility or the ability to lengthen or stretch (de Villarreal et al., 2009); and (4) 

elasticity of the muscle to return to resting length (Rassier et al., 1999; Smith & Clark, 

2014).  
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This increase in power is achieved with the stretch-shortening cycle (SSC), which 

includes the eccentric pre-stretch, amortization, and concentric shortening phases. During 

the eccentric pre-stretch phase, the muscle-tendon unit and non-contractile tissues are 

stretched, which increases the force generated during the concentric phase. The non-

contractile tissues consist of serial elastic components (SEC) and parallel elastic 

components (PEC). The SECs are in the tendons and aponeuroses and the PECs include 

the membranes surrounding the contractile components of the muscle (Rode et al., 2009). 

The amortization phase or transition phase occurs when the muscles change from 

lengthening to contracting (Ball & Scurr, 2009; Buğa & Gencer, 2022; Chu, 1998; Toumi 

et al., 2001). The shorter the amortization phase, the more efficient and explosive the 

movement concentric phase can be. An excessively long amortization phase can lead to 

decreased power output (Chu, 1998). Lasty the concentric phase occurs when the 

muscles generate force to propel the body upward or outward (Ball & Scurr, 2009; 

Buğa & Gencer, 2022; Chu, 1998; Toumi et al., 2001) 

The use of plyometric exercise causes the SSC to activate the stretch reflex. 

The stretch reflex is activated by muscle spindles, which are sensory organs located in the 

muscle that measure the rate and magnitude of the muscle being stretched (Chu, 1998). 

The muscle spindles relay sensory input related to rapid muscle stretching for the 

activation of the stretch reflex (Radcliffe & Farentinos, 2015). Once the stretch reflex 

occurs the impulse signal travels along the spinal cord via the type 1a nerve fibers 

(Shah, 2012). After synapsing with the alpha motor neuron in the spinal cord, the 

impulse will travel to the agonist extrafusal fibers, causing a reflexive muscle action. 
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The faster the muscle is stretched during the eccentric phase, and if the amortization 

phase is concurrently short, the greater the concentric force generated during the 

concentric phase (Shah, 2012). 

Neural Basis  

 The majority of adaptations that occur with plyometric result from neural 

adaptations. These adaptions are present within the central nervous system (CNS), 

peripheral nervous system (PNS), and the SSC (SEC, CC, PEC) components (Wang et 

al., 2020). The exact mechanisms of plyometric adaptions are unknown, but changes 

are seen in increased motor unit (MU) recruitment, rate coding, and firing rates 

(Markovic & Mikulic, 2010). 

Neuromuscular adaptations are influenced by several characteristics of exercise, 

including mechanical tension, cellular damage, and metabolic stress applied to the muscle 

(Aagaard, 2003; Behrens et al., 2013; Hedayatpour & Falla, 2015). Neural adaptions play 

a significant role during the beginning phases of plyometric training, adaptions can occur 

within hours or days of initiating a plyometric training program and are thought to 

increase MU recruitment, synchronization of MU firing, and increased neural drive to the 

muscle (Earle & Baechle, 2004; Gabriel et al., 2006).  

Overall, plyometric training induces several adaptations within the peripheral 

nervous system that contribute to improved athletic performance, especially in activities 

requiring explosive power and rapid changes in direction. These adaptations allow 

individuals to generate force quickly, maintain control during high-intensity movements, 

and potentially reduce the risk of injury. 



 

 

 

 

9  

Motor unit recruitment  

Motor unit recruitment refers to the amount of nerve stimulation and the number 

of active MU during a muscular contraction (Earle & Baechle, 2004). A common method 

used to evaluate MU adaptations is surface electromyography (EMG; Mirzaei et al., 

2013). During plyometric training the nervous system adapts by effectively 

synchronizing and recruiting more MU, causing an increase in maximal force output 

(Aagaard, 2003; Gabriel et al., 2006). There is evidence that performing plyometric 

training improves MU recruitment and maximum voluntary isometric contraction 

(MVIC; Earle & Baechle, 2004; Mirzaei et al., 2013; Rezaimanesh et al., 2011). Mirzaei 

et al. (2013) observed that two training sessions for 6-weeks of plyometric training 

increased MU recruitment for the experimental group during MVIC in the vastus 

medialis by 23% and rectus femoris by 35% compared to the control group. Similarly, in 

a study of 14 varsity futsal players, Rezaimanesh et al. (2011) observed that 4 weeks of 

plyometric training significantly increased EMG activity of the biceps femoris when 

performing a MVIC in the squat position and when performing the vertical jump.  

Synchronization of motor unt firing  

Motor unit synchronization involves the simultaneous activation and discharge of 

action potentials of numerous MU (Earle & Baechle, 2004). Synchronization of MU and 

their firing rates is a possible mechanism for increased muscular strength. Plyometric 

training has been noted to increase MU synchronization yielding an increase in force 

production (Gabriel et al., 2006). Masamoto et al. (2003) examined 12 males on acute 

effects of plyometric exercise one repetition maximum. Performing four weeks of tuck 

jumps and depth jump increased one repetition maximum by 3.5% indicating that 
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individuals who perform plyometric exercises can improve intramuscular coordination 

(enhanced MU synchronization).  

Neural drive to the muscle 

 Neural drive refers to the activation of motor neurons from the nervous system 

that are responsible for producing muscle contractions. Neural drive can be central or 

peripheral in origin and is assessed using EMG to detect changes in MU firing rate 

(Gabriel et al., 2006). The increased neural drive from plyometric training comes from 

the increased stimulation from V-wave response from the spinal motoneurons during 

maximal muscle contractions (Hakkukinen et al., 1985). The H-reflex is also observed to 

enhance drive in the descending corticospinal pathway, causing an elevated motoneuron 

excitability and alteration in presynaptic inhibition 1a afferent motor neurons in the 

agonist muscle (Hakkukinen et al., 1985). The increase in motoneuronal output has been 

shown to increase power and strength after plyometric training (Aagaard et al., 2002; 

Gabriel et al., 2006; Hakkukinen et al., 1985; Hedayatpour & Falla, 2015; Maffiuletti et 

al., 2002; Markovic & Mikulic, 2010; Moritani & deVries, 1979). There is also evidence 

neural drive to the muscle is enhanced from plyometrics, yielding an increase in lower 

extremity power. These adaptations can be seen in as little as 2-4 weeks of plyometric 

training when performing a minimum of 50 jumps per training session (Aagaard et al., 

2002; Gabriel et al., 2006; Hakkukinen et al., 1985; Hedayatpour & Falla, 2015; 

Maffiuletti et al., 2002; Markovic & Mikulic, 2010). 
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Synaptic adaptations 

A synapse is a specialized junction between neurons and their target cells, 

allowing for transmission of signals from one cell to another (Keshishian et al., 1996). 

Plyometric training has been shown to alter the efficacy between 1a afferent alpha 

motoneurons leading to increased action potentials to the spine. The increased signal 

gives an excitatory postsynaptic potential leading to the enhancement of MU activation 

towards the muscle (Aagaard et al., 2002; Gabriel et al., 2006; Hedayatpour & Falla, 

2015). While plyometric training has been shown to acutely increase synaptic strength 

and efficacy in as little as 2 weeks of training, long term plyometric training has been 

shown to yield the same synaptic strength and efficacy benefits, which additional 

morphological changes through the formation of new synapses (Hedayatpour & Falla, 

2015).  

Motoneurons have the potential to increase muscle activation. In contrast, Golgi 

tendon organs (GTOs) are sensory receptors located in the tendons that connect muscle to 

bone. The GTOs signal the spinal cord via Ib afferent nerve fibers when activated by 

stretch, generating tension within the muscle-tendon unit (Baker, 2003; Turner & 

Jeffreys, 2010). The activation of these Ib fibers results in autogenic inhibition of the 

agonist muscle and facilitation of the antagonist muscle, which serves as a protective 

mechanism to prevent the generation of harmful muscular forces (Komi, 2000). It is 

important to note that the relationship between agonist and antagonist muscle activity is 

complex and multifaceted and may not always follow the traditional model of opposing 

muscle groups. Some research suggests that increased antagonist muscle activity during 
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certain movements may be beneficial for joint stability and injury prevention (Baker, 

2003; Komi, 2000; Turner & Jeffreys, 2010). Plyometric training is often thought to be a 

training modality to desensitize the GTO to allow for greater muscle contraction (Chu, 

1998).  

Changes in input and output of the GTOs may occur because of plyometric 

training. It has been suggested that plyometric training may down-regulate Ib afferent 

feedback (autogenous inhibitory feedback) to the spinal motoneuron pool, perhaps due to 

modulation via supraspinal pathways (Turner & Jeffreys, 2010). With a college-aged 

sample that was unfamiliar with high intensity plyometric exercise (such as 24- and 36-

inch depth jumps), Schmidtbleicher et al. (1998) reported up to a 50% decrease in EMG 

activation in the soleus muscle lasting up to 200 milliseconds during ground contact. 

However, trained individuals accustomed to depth jumps at those heights showed reduced 

inhibitory effects and were able to undergo high eccentric landing forces without a 

decrease in muscular force (Schmidtbleicher et al., 1998). 

Renshaw cells are a type of inhibitory interneuron located in the spinal cord and 

that play a crucial role in neurotransmitter inhibition, preventing hyperexcitability of 

motor neuron activity (Baker, 2003). Renshaw cells help to regulate the strength and 

duration of muscle contractions, preventing them from becoming too strong or long-

lasting (Baker, 2003). The effect of plyometric training on Renshaw cells has not been 

extensively studied and the research that exists is limited. The theory that plyometric 

training may cause changes in receptor morphology and activation of spinal reflex 

pathways that involve Renshaw cell inhibition following plyometric suggests that the 
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effects are more subtle or inconsistent depending on the individual and specific training 

intensities used (Baker, 2003; Komi, 2000).  

In summary, plyometric training engages both the central nervous system and the 

peripheral nervous system in a coordinated manner to improve motor control, 

coordination, and the ability to generate explosive force. These neural adaptations are 

essential for athletes and individuals seeking to enhance their athletic performance while 

maintaining stability and minimizing the risk of injury. Designing an effective plyometric 

training program requires careful consideration of various factors to ensure safety, 

effectiveness, and the achievement of specific training goals.  

Considerations for Plyometric Training Program Design 

 Plyometric training involves various jumping, springing, and throwing 

movements. When designing an effective plyometric training program, Haff & Triplett 

(2021) suggest that it is important to consider characteristics such as sex, age, training 

level, sport, familiarity with plyometrics, relative strength (back squat of 1.5 times body 

weight), and landing mechanics. Designing a plyometric training program tailored to an 

individual allows them to increase their strength and optimize plyometric training 

performance outcomes (Radin, 2009). Overall practitioners should use their best 

judgment based on the individual’s characteristics (sex, age, training level, sport, 

familiarity with plyometric, relative strength [back squat of 1.5 times body weight], and 

landing mechanics) when determining an athlete’s readiness to perform plyometric 

exercise. Ideally plyometric training will be implemented when training volume overall is 

low and the training emphasis is on strength and power (Herrington et al., 2015). 
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However, plyometric training may still be implemented during times of high volume as a 

useful warm-up to prepare the body for conditioning and to improve landing mechanics 

as a measure to reduce injury risk (Herrington et al., 2015). Plyometric modality refers to 

the specific types or categories of plyometric exercises used in a plyometric training 

program. Plyometric exercises can be categorized into various modalities based on the 

movement patterns and goals they target 

Modality 

 Upper Extremity. Trainers have developed various exercises for the upper 

extremities that aim to enhance the impulsive qualities of muscular performance. 

Examples of upper-extremity plyometric exercises include medicine ball throws, clap 

push-ups, plyometric push-ups, and rotational throws. Carter et al. (2007) revealed that 8 

weeks of upper-extremity plyometric training significantly improved baseball throwing 

velocity in National Collegiate Athletic Association (NCAA) Division I baseball players. 

Similar results were found in another study with baseball players (Newton & McEvoy, 

1994). The authors suggested the upper-extremity velocity movements and position 

directly transfer to maximizing the force output with overhead-throwing, as well as 

eliciting the post-activation potentiation when combined with resistance training. Thus, 

upper extremity plyometric may be beneficial for developing upper-body power and 

strength that can improve athletic performance (Turna et al., 2019; Vossen et al., 2000). It 

is notable that researchers suggested upper and lower plyometric training should not be 

performed on the same day to limit neural fatigue (Sáez-Sáez de Villarreal et al., 2010; 

Wathen, 1993).  
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Trunk. Trunk training can be defined as the musculature around the diaphragm, 

pelvic floor, abdominals, paraspinals, and gluteal muscles. While there is a lack of 

plyometric exercises that isolate trunk movements, the trunk is commonly incorporated 

with lower and upper extremity plyometric exercise. This is particularly true for common 

plyometric exercises that involve the rotation and anti-rotation of the trunk, such as 

rotational ball throws, wood chops, power pallof, and press (Chu, 1998). The inclusion of 

trunk training as a complementary component of sport-specific training is highlighted in a 

meta-analysis by Saeterbakken et al. (2022), which revealed that trunk training may allow 

athletes to generate greater maximal power with more efficient use of the lower and 

upper extremities.  

Lower Extremity. Lower extremity plyometric training is typically achieved with 

reactive or non-reactive jumping skills. Lower body plyometric exercises are any drills 

used to activate the SSC, with the aim of benefiting strength, muscle power, coordination, 

and athletic performance (de Villarreal et al., 2009). Examples of lower-extremity 

training include both bilateral and unilateral vertical and horizontal; hops, skips, jumps, 

bounds, sprints, and change of directions drills.   

Assisted and Resisted Plyometrics. Assisted and resisted training methods have 

been adapted from sprint training into plyometric training. Assisted plyometrics are 

performed with the aid of elastic bands to act like a body harness and can be used for 

jumps, such as the drop jump and countermovement jump. Resisted plyometrics are 

performed under external load conditions such as water, sand, dumbbells, and adding 

external load or bands pulling downwards (Khodaei et al., 2017). Ground contact time is 
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an easy way to differentiate between assisted and resisted plyometrics. Assisted 

plyometrics will result in shorter ground contact time, while resisted plyometrics will 

lead to longer ground contact times compared to traditional plyometrics (Khodaei et al., 

2017). 

The idea behind assisted and resisted plyometric training is based on the training 

principles of specificity and overload. According to a recent meta-analysis, both assisted 

and resisted plyometric training are equally effective as plyometric methods for 

improving vertical and horizontal jump performance (Makurak et al., 2020). The authors 

recommended assisted and resisted plyometric training methods may not be ideal to use 

with novice athletes or individuals but may be used as an alternative or supplementary 

training modification to improve power. Resisted plyometric training can be utilized to 

generate maximal force for jumping performance enhancements. Assisted plyometric 

training can be used to generate maximal force for increasing jump performance when 

the amortization phase needs to be as short as possible (Makurak et al., 2020). 

Additionally, plyometric modalities can be combined within a training program to target 

different aspects of power and explosiveness.  

The choice of modalities should align with an athlete's goals, sport-specific 

demands, and individual strengths and weaknesses. The fundamental principle of 

plyometric is the utilization of the stretch-shortening cycle, where a muscle is rapidly 

stretched (eccentric phase) and immediately followed by a forceful contraction 

(concentric phase). This quick transition from lengthening to contracting is what leads to 

enhanced power. Plyometric exercises include activities like jumping, bounding, 



 

 

 

 

17  

hopping, and throwing, with variations like box jumps, depth jumps, and medicine ball 

throws. These exercises are typically characterized by rapid, explosive movements. 

Plyometric training is a valuable tool for individuals looking to enhance their explosive 

power and speed. When incorporated into a well-designed training program and 

performed with proper technique and safety measures, it can help individuals excel in 

their physical pursuits. Progressing a PT program is a critical component in progressing 

an individual program, beginners should start with low-intensity plyometric exercises and 

gradually progress to more advanced movements to avoid overexertion and minimize the 

risk of injury.  

Intensity 

 Unlike measuring intensity for resistance training programs where a percentage of 

an individual’s one-repetition maximum is used for progress, plyometric intensity can be 

difficult to measure because it involves multiple variables such as ground contact time, 

jump height, and power output. Additionally, different joints and muscle groups may be 

stressed depending on the exercise, making joint-specific measurement important for 

program design. Despite these challenges, methods for quantifying and categorizing 

plyometric intensity do exist, including force plate, EMG, and field data.  

Force Plate. When using a kinetic quantification lens, Ebben et al. (2011) 

determined that the critical variables to consider when categorizing plyometric exercises 

on a spectrum of low to high intensity include ground reaction force at take-off, time to 

take-off, ground reaction force during landing, and landing rate of force development. If 

the goal is to increase power and performance during the take-off phase, then plyometric 
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exercise with increased ground reaction force during take-off or decreased time to take-

off should be progressively implemented (Ebben et al., 2011). In contrast, if the goal is to 

improve landing ground reaction forces, then plyometric exercise with increasing ground 

reaction forces during landing or landing rate of force development should be prioritized 

in developing the plyometric training protocol (Ebben et al., 2011).  

Electromyography. EMG measures the electrical activity of the muscle and is 

often used to assess the health of muscles and nerve cells. Ebben et al. (2008) established 

that EMG can be used to assess intensity of specific exercises based on MU recruitment. 

The methodology included measuring integrated EMG of the gastrocnemius, quadriceps, 

and hamstrings during a single repetition of hops (two-foot ankle, 15.24-cm cone) and 

jumps (depth at 30.48 and 61 cm, pike, tuck, single-leg vertical, double-leg vertical, squat 

with 30% of one-repetition maximum squat, and box) with one minute of rest between 

each exercise. Ebben et al. (2008) noted their findings differed from anecdotal 

recommendations regarding plyometric intensity in several ways. For instance, while the 

depth jump has long been considered the highest intensity form of plyometric exercise, 

Ebben et al. (2008) found that MU recruitment was highest in the quadriceps when 

completing cone hops, box jumps, vertical jumps, and tuck jumps, while depth jumps 

yielded the lowest mean quadriceps EMG. These results contrast previous 

recommendations by Chu, 1998 that single-leg jumps and depth jumps are the highest 

intensity plyometric exercise. Similarly, the gastrocnemius EMG measurements were 

higher during vertical jumps and cone hops than single-leg jumps and depth jumps 

(Ebben et al., 2008). Furthermore, ankle hops, tuck jumps, and box jumps yielded higher 
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gastrocnemius MU recruitment than 61-cm depth jumps. Ebben et al. (2008) also noted 

an unexpectedly lower MU recruitment during movements that are single-legged or that 

had added mass or greater drop distance, which was attributed to increased stretching 

loads yielding more passive force production. Interestingly, hamstring EMG activity 

varied too much for analysis between participants based on exercise, which the authors 

hypothesized was a result of different landing strategies.  

As a result of their study findings, Ebben et al. (2008) suggested that a practical 

approach to evaluating the intensity of plyometric exercises may be classifying them as 

performance enhancing or pre/rehabilitation based on a set of variables. The authors 

noted that performance enhancing variables would include rate of force development 

(concentric, eccentric, and time to takeoff), peak power, MU recruitment, and reactive 

strength index during the time to takeoff. Variables associated with pre/rehabilitation 

were noted as ground reaction force, time to stabilization, joint reaction force, and MU 

recruitment.  

In a study conducted by Jarvis et al. (2016), 7 male recreational athletes who were 

familiar with resistance training and plyometric exercises were assessed through seven 

plyometric exercises: rebound exercises (rebound jump, 30-cm drop jump, 40-cm drop 

jump, rebound hop, and step hop) and non-rebound exercise (countermovement jump and 

hop). Depending on the exercise, rebound or non-rebound exercises can fall in the range 

of both high and low intensity based on the degree of eccentric muscle activity reached 

and neuromuscular involvement (Jarvis et al., 2016). These findings indicate MU 

recruitment for rebound and non-rebound in the concentric phase does not significantly 
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differ if the activity is performed at maximal effort, as well as no differences in 

mechanical output between unilateral and bilateral plyometric exercises. However, there 

were high levels of eccentric muscle activity for rebound exercises compared to non-

rebound exercises, demonstrating eccentric muscular activity represents an important 

component of intensity. Factors that could affect eccentric muscle activity include range 

of motion, foot contact, and joint angle distribution. Jarvis et al. (2016) suggested that 

monitoring surface EMG during training can provide valuable insights into muscle 

activation patterns and muscular demands. However, it may not always be practical or 

feasible due to the equipment and expertise required. In some cases, alternative methods 

of evaluating exercise intensity, such as measuring peak force, eccentric peak force, and 

impulse, may be more reliable and easier to implement. Coaches may be best advised to 

select exercises in which similar joint angle (hips, knees, and ankles) and ground contact 

time to the action they wish to enhance. 

Joint-Specific Mechanical Demand. Another common way to assess plyometric 

training intensity is to evaluate the mechanical demand placed on a given joint. This may 

provide a more comprehensive understanding of the intensity of plyometric exercises and 

allow for the design of rehabilitation protocols based on an individual’s specific injuries. 

In addition to mindfulness of the joints involved in plyometric exercises, consideration 

for the complexity of the jump, such as tuck or backwards jumps, may also affect 

intensity at the joint level (Van Lieshout et al., 2014). Several researchers have 

investigated the classification of intensity based on load at a given joint.  
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Van Lieshout et al. (2014) evaluated sum of peak power and joint peak power at 

the ankle, knee, and hip during various plyometric jumps (forward jump, backward jump, 

box jump, tuck jump, depth jump) to rank the intensity of each jump in collegiate 

athletes. Plyometric movements involving horizontal translation in the air (e.g., backward 

jump, forward jump, tuck jump) produced greater joint-specific intensity (ankle, hip, and 

knee) compared to movements with little to no horizontal translation (box jump and 

depth jump). Similarly, Jensen and Ebben (2007) identified differences in eccentric rate 

of force development among various plyometric jumps in 6 collegiate athletes. The 

eccentric rate of force development, peak knee joint reaction force, and peak knee joint 

reaction relative to body weight varied among squat jump, squat jumping holding 

dumbbells 30% of one- repetition max, and pike jumps. Eccentric rate of force 

development was significantly less than depth jumps form 46 cm and 61 cm compared to 

other jumps such as, countermovement jump single leg jump and tuck jump. These 

differences are possibly due to their relative intensity and landing techniques that are 

influenced by factors such as jump height, unilateral vs. bilateral landing, and additional 

external load. Differences were also seen in peak knee joint reaction forces for pike, 

single leg, and tuck jumps likely due to increases in participants active concentric 

activation of the knee and hip muscles, thus demonstrating variations in intensity with 

different plyometric exercises. Plyometric exercises with higher knee joint reaction forces 

should be presented later into a plyometric program to increase intensity. Coaches and 

practitioners should consider joint-specific demands when designing plyometric 
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programs. Classifying intensity based on joint-specific demand will give individuals a 

more precise exercise program. 

Rating of Perceived Exertion. The previously mentioned means of assessing PT 

intensity, particularly EMG or biomechanical markers, are primarily accessible in 

laboratory settings. While limited research is available on the topic, a tenable and low-

cost method that can be applied to large groups of varying plyometric experience 

intensity is the Borg Rating of Perceived Exertion (RPE) scale (6-20; Borg, 1982; 

Khodaei et al., 2017). Plyometric activities such as jumping and sprinting may have a 

relationship with RPE and intensity due to multiple factors, such as skeletal muscle 

activation, metabolic demand, and neurological factors that might affect fatigue (Asadi, 

2014; Gearhart et al., 2001; Lockie et al., 2011).  

According to Asadi (2014), the motor cortex must send a stronger signal to the 

sensory cortex to achieve greater MU recruitment, which would result in an increased 

perception of effort. Further, Khodaei et al. (2017) observed 20 college-age amateur male 

soccer players as they performed nine plyometric exercises for 10 repetitions and rated 

the intensity on the Borg RPE scale (6-20), ranking each exercise as light (6-10), 

moderate (11-14), or high intensity (15-20). Jumps with low barriers, bilateral jumps, and 

low impact-related jumps (cone hops, squat jump) were considered light intensity. Jumps 

that had high landing forces and high rate of force development were considered 

moderate or high intensity (broad jump, box jump, depth jump). Plyometric exercises that 

were deemed high intensity were ingle-leg variations (box jump, broad jump, depth 

jump).  
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It should be noted that using the Borg scale to determine the intensity of 

plyometric drills for single session use or programing may take time because everyone’s 

experience level and intent during exercise differs. Coaches and practitioners must be 

mindful when altering plyometric exercises for the purpose of increasing intensity 

because they may concurrently be altering take-off and landing forces. Examples of ways 

to increase intensity determined by RPE include changing bilateral exercises into 

unilateral exercises, increasing box height, increasing drop height, increasing the 

complexity of the exercise, and changing surface area. Additional research needs to go 

more in depth about PT programs that use RPE to measure intensity across multiple sets 

and timepoints in a training program. 

Measuring plyometric exercise intensity can be difficult due to multiple variables. 

When evaluating plyometric intensity through force plate, EMG, joint-specific demand, 

or RPE intensity should be progressively increased over time to avoid overexertion and 

reduce the risk of injury. Understanding and managing intensity is crucial for achieving 

individual training goals. Like intensity, training volume represents the total amount of 

work performed, including the number of repetitions and sets. Managing training volume 

is crucial to ensure that PT is effective, safe, and aligned with an individual's fitness goals 

and readiness. 

Volume 

 As with most forms of training, one important programming consideration with 

PT is volume. Training volume is regularly quantified as the number of foot contacts per 

training session. Potach & Chu (2008) have recommended 80 to 100, 100 to 120, and 
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120-to-140-foot contacts per training session for those with beginner, intermediate, and 

advanced experience, respectively. When comparing low and high foot contact training 

protocols, researchers have observed similar improvements in a variety of performance 

outcomes (Jeffreys et al., 2019; Yanci et al., 2016; Yanci et al., 2017). Jeffreys et al. 

(2019) found that both low (480) and high (1920) foot contacts produced similar 

increases in reactive strength and leg stiffness. In accord, Yanci et al. (2016) 

demonstrated 180- and 360-foot contacts per session yielded no difference in horizontal 

power improvement. In a later study, Yanci et al. (2017) deemed that if weekly foot 

contacts remain similar (96-176/wk.) then similar increases in performance outcomes 

would occur in vertical and horizontal power development, reactive strength, and sprint 

performance. 

Aside from the representation of training volume in foot contacts alone, 

researchers will often combine frequency and volume (number of training sessions per 

week and total number of training sessions) when discussing program volume. Sole et al. 

(2021) conducted a meta-analysis and suggested plyometric programs designed to 

improve jump performance, speed, change of direction, and strength should include a 

minimum volume of at least 10 weeks, with at least 20 sessions, and between 50 and 240 

jumps in each session.  

Performing PT programs that exceed an individual’s training volume threshold 

will not lead to increased jump performance and may lead to increased susceptibility to 

overuse injuries. Therefore, training volume and intensity should be individualized based 

on an athlete's training history and injury status. Coaches looking to create PT programs 
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should strive for the optimal training efficiency to help reduce overuse injuries and 

should be cautious when increasing the number of foot contacts within a program, 

particularly in consideration of the evidence that higher foot contacts does not yield 

greater improvements in athletic performance (de Villarreal et al., 2008; Ebben et al., 

2014; Jeffreys et al., 2019; Yanci et al., 2016).  

Recovery 

In considering recovery within a single session of PT, a work to rest ratio of 1:5 to 

1:10 is recommended, which depends on the intensity of the exercise (Chu, 1998). When 

considering rest between sessions, high intensity PT sessions should be separated by 48 

to 72 hours due to the high potential for post-training fatigue (Haff & Triplett, 2021). 

Watkins et al. (2020) found that training above 100 jumps per session caused up to a 20% 

decrease in jump performance due to increased muscle damage and soreness up to 5 days 

post-training. In accord, Ebben et al. (2014) noted participants need more than 2 days 

between sessions for recovery, with 6 to 14 days being optimal for individuals 

participating in other forms of sport. Similarly, Cadore et al. (2013) found that with 100, 

200, and 300 contact sessions, neuromuscular performance was acutely impaired for 24 

hours. Interestingly, the same study indicated an 8-hour window of post activation 

potentiation benefit following the training, with the 100-contact session being sufficient 

to produce this effect (Cadore et al., 2013). Overall, the study provides valuable insights 

for practitioners designing PT programs. With as little as 100 jumps per session providing 

sufficient stimulus in neuromuscular, metabolic, and hormonal system. However, it is 

important to note that plyometric exercises can acutely impair neuromuscular function 
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leading to a decrease in force, power, and rate of force development. This impairment 

may be due to central and peripheral mechanisms of fatigue. Coaches and practitioners 

should carefully monitor the volume within a training cycle. Individuals may not be able 

to perform strength or power activities at their best within the first 24 hours after PT. 

Adequate rest between PT sessions is essential. The intensity of these workouts 

places a significant demand on the muscles and central nervous system. Typically, 48-72 

hours of recovery between sessions is recommended. With any PT program proper 

progression is vital to ensure that PT is effective, safe, and aligned with an individual's 

fitness goals and capabilities. 

Progression 

When considering progression of PT programs, there is evidence that programs 

with and without built-in progression can increase power (vertical and horizontal), 

agility, speed, and endurance when compared to a control group (Palma-Muñoz et al., 

2021; Ramírez-Campillo et al., 2015). However, both authors demonstrated the groups 

that progressively increased their volume saw more significant improvements in several 

measures of athletic performance, including jumping (vertical jump, horizontal jump), 

agility (T-test), sprint performance (10-meter) and endurance (Yo-Yo). The simple 

training principle of progressive overload can more effectively enhance neural drive to 

the agonist muscle, improve intermuscular coordination, and alter muscle-tendon 

mechanical stiffness characteristics (Palma-Muñoz et al., 2021; Ramírez-Campillo et al., 

2015).  



 

 

 

 

27  

Coaches and practitioners looking to progress PT over time in the form of 

increasing volume should start at a low (50-100 jumps) but effective training volume then 

progress according to the individual’s needs to avoid overtraining and injury (Palma-

Muñoz et al., 2021; Ramírez-Campillo et al., 2015). Currently there is a lack of literature 

on the exact recommendations for plyometric volume progressions, coaches and 

practitioners should also be mindful that increasing volume may indicate a need to 

increase between-session recovery time (Palma-Muñoz et al., 2021). 

Proper recovery and rest is essential to allow the body to repair and adapt to the 

demands of plyometric exercise. Potentially performing PT on different surfaces may 

promote distinctive adaption.    

Surface 

Aquatic. Traditionally PT is performed on land with the expected outcome of 

significant increases in power.  However, PT on land is also associated with muscle 

damage and muscle soreness due to the intensive ground impact forces during the landing 

phase. Most training injuries, such as meniscal damage, knee tendonitis, Achilles tendon 

strains, and heel bruises have been linked to repetitive plyometric movements (Miller et 

al., 2002; Robinson et al., 2004). As such, modifying training to expose participants to 

less impact would be beneficial if training adaptations can be maintained. One proposed 

modification to accomplish this is completing PT in the water.  

 When observing land-based and aquatic-based PT, there are differences in the 

amount of force produced and force applied during each phase. Because of buoyancy 

forces of water, the loading and landing phases of aquatic plyometrics elicit reduced 
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compressive forces to lower body joints and connective tissue. Plyometric training in 

aquatic environments allows buoyancy to decrease an individual’s weight causing 

reduced pressure placed on the musculoskeletal system, allowing for a more comfortable 

landing phase compared to land training (Arazi & Asadi, 2011; Miller et al., 2002; 

Stemm & Jaconson, 2007). Thus, one expected outcome of aquatic PT is a reduced risk 

of injury and muscle soreness (Gulick et al. 2007; Miller et al., 2002; Robinson et al., 

2004). Furthermore, the decrease of force decreases the amortization phase, allowing a 

swifter concentric action (Miller et al., 2002). In addition to potential for injury 

prevention with aquatic-based plyometrics, the theory for yielding training adaptations is 

that the density of water causes an increased resistance to movement, requiring increased 

muscle activation (Robinson et al., 2004).  

Plyometric training on either land or in an aquatic environment enhanced vertical 

and horizontal jump performance (Arazi & Asadi., 2011). Different training 

environments will elicit lower body power development by differing mechanisms. 

Training in water provides higher velocity with lower load and faster transition time, 

while training on land provides greater strength due to heavier load on the joints and 

connective tissue. (Arazi & Asadi, 2011; Robinson et al., 2003; Stemm & Jacobson, 

2007). For both land and aquatic based PT, research has shown mixed results between 

groups and power production. Miller et al. (2002) and Robinson et al. (2004) performed 

similar 8-week land versus aquatic training groups including recreational male and 

female athletes, where both groups exhibited significant improvement in vertical jump 

performance. Similarly, investigations of athletic participants indicated similar, 
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significant increases in power and jumping performance following land and aquatic PT 

(Stemm & Jacobsen, 2007; Villarreal et al., 2015). Miller at al. (2002) further explained 

the increase in power development with aquatic training comes from the decreased 

transition time, whereas the land-based training group experienced longer transition 

phase times with more force being absorbed during the eccentric or landing phase. In 

contrast, Gulick et al. (2007) performed a 6-week land versus aquatic plyometric program 

with untrained males and females, finding the aquatic group significantly increased 

vertical jump power compared to the control and land groups. The contrasting results of 

these studies are likely due to the training status of participants, where untrained persons 

benefit more from the water training while trained persons can equally benefit from land 

or water training. This could be due to neurological adaptions developing faster in an 

aquatic environment compared to a land-based environment, as well as the potential for 

participants to feel more comfortable performing plyometrics in water, allowing them to 

give a higher intensity of effort.  

Plyometric training in an aquatic environment offers several unique benefits due 

to the properties of water as a resistance medium. Utilizing an aquatic environment can 

reduce impact and stress on joints, lower overuse injuries, enhance muscle strength, and 

be use during recovery and rehabilitation. However many individuals may not have 

access to an aquatic training facility, but can still perform PT on either hard or soft 

surfaces.    

Non-Rigid versus Rigid Surfaces. Plyometric training on different surfaces may 

yield different neuromuscular and stretch-shortening adaptations (Elvan et al., 2019). For 
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example, when training on a non-rigid surface, the surface area yields differential 

adaptations including increased nerve conduction velocity, improved intermuscular 

coordination, enhanced MU recruitment, and increased excitability of the Hoffman reflex 

(Prieske et al., 2013). One example of a non-rigid training surface is sand, which allows 

shock absorption and reduced stress on the musculoskeletal and connective tissues while 

adding the challenge of lower stability and hindering the stretch-shortening cycle. More 

specifically, the amortization phase is increased when performing PT in the sand, which 

decreases the myotatic reflex and elastic energy (Mirzaei et al., 2013). This reduction in 

elastic energy, in conjunction with changes in jump kinematics, requires an increase in 

muscle fiber activation (Mirzaei et al., 2013).    

As a result of these physiological changes, there is evidence that PT in the sand 

yields similar, if not greater improvements in strength, power, speed, and agility when 

compared to a more ridged surface (Ahmadi et al., 2021; Arazi et al., 2014; Mirzaei et al., 

2013; Nagaraja & Gajanana Prabhu, 2017; Ozen et al., 2020; Resh et al., 2017). The 

samples for these studies included highly trained youth male basketball players (Ozen et 

al., 2020), elite male volleyball players (ÖZ et al., 2019), recreational female volleyball 

players (Ahmadi et al., 2021), healthy young men who were familiar with PT (Arazi et 

al., 2014), national-level male volleyball players (Resh et al., 2017), intercollegiate 

recreational athletes (Nagaraja & Gajanana Prabhu, 2017; Singh et al., 2014), recreational 

male basketball players (Mankar, 2020), and elite male volleyball players (Elvan et al., 

2019). The training durations were two (Resh et al., 2017), 4 (Singh et al., 2014), 6 

(Arazi et al., 2014; Mirzaei et al., 201; Ozen et al., 2020), 7 (Hammami et al., 2020), 8 
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(Ahmadi et al., 2021; Elvan et al., 2019; Nagaraja & Gajanana Prabhu, 2017; Öz et al., 

2019), and 12 (Mankar, 2020) weeks. For training volume all above authors trained two 

days per week with at least 48 hours between sessions, and total number of contacts 

ranged between 50-160 ground contacts per training session. Additionally, all but two of 

the previously mentioned samples trained on sand, while two samples used a foam 

balance pad for the non-rigid surface (Öz et al., 2019; Prieske et al., 2013). 

When comparing adaptations to PT on rigid and non-rigid surfaces, some 

researchers reported greater increases in a variety of performance measures following 

both short-term (2 weeks; Resh et al., 2012) and long-term (6 to 12 weeks; Mankar, 2020; 

Nagaraja & Gajanana Prabhu, 2017;) PT in the sand when compared to a land surface. 

There were greater improvements in vertical jump (Resh et al., 2017), speed (Mankar 

2020; Resh et al., 2017), agility (Resh et al., 2017; Singh et al., 2014), and lower body 

power (Mankar, 2020). In contrast, other investigators indicated similar improvements 

between land and sand training, including strength (Nagaraja & Gajanana Prabhu,2017; 

Singh et al., 2014), lower body power (Nagaraja & Gajanana Prabhu., 2017), speed 

(Arazi et al., 2014; Nagaraja & Gajanana Prabhu, 2017; Ozen et al., 2020; Öz et al., 

2019; Singh et al., 2014), vertical jump (Ozen et al., 2020), horizontal jump (Ozen et al., 

2020), and agility (Arazi et al., 2014; Nagaraja & Gajanana Prabhu, 2017; Ozen et al., 

2020; Öz et al., 2019). Furthermore, while not all studies measured muscle soreness, it is 

notable that Resh et al. (2017) reported similar muscle soreness ratings for those who 

completed training in the sand compared to those who completed land training.  
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The observed improvement in performance measures when comparing training on 

non-rigid and rigid surfaces is not clear and may be influenced by a multitude of 

variables, such as program duration, training volume, rest interval, intensity, sport and 

participant characteristics. Furthermore, performance outcome measurements might be 

individually determined by the athlete’s ability to adapt to stimuli. Looking at the 

frequently measured outcomes, training on a non-rigid surface was most likely to yield 

greater improvements in speed and/or agility (Mankar, 2020; Resh et al., 2017), although 

most researchers reported improvements of similar magnitude for each of the measured 

outcome variables (Ahmadi et al., 2021; Arazi et al., 2014; Nagaraja & Gajanana Prabhu, 

2017; Ozen et al., 2020; Öz et al., 2019).  

Regarding agility and speed training, a non-rigid surface may be more beneficial 

due to an unstable surface causing an increase in lateral movement and amortization time, 

making it more difficult for the body to move through the vertical axis and allowing the 

muscles to absorb more force while relying on fewer elastic properties seen in the SSC 

(Arazi et al., 2014; Hammami et al., 2020; Singh et al., 2014). These unique attributes of 

sand training are expected to yield specific adaptations, including quicker muscle action 

and a more effective eccentric to concentric transition, allowing the stretch reflex to 

increased power in sprinting and agility (Arazi et al., 2014; Hammami et al., 2020; 

Prieske et al., 2013). While all researchers note participant’s previous experience with PT 

or non-rigid surface training, this could have been contributing factors to the disparate 

findings among studies.  
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It is notable that while training on a non-rigid surface did not necessarily exceed 

the benefits of training on a rigid surface, there is no evidence of non-rigid surface 

training hindering performance on any of the measured parameters. It is reasonable to 

extrapolate that the studies where change was experienced at a similar magnitude across 

training surfaces can be explained by differential sources of adaptation. For example, the 

lack of significant differences in jump performance between ridged and non-ridged 

surfaces in some studies may be because both surfaces can improve jump performance, 

but through different mechanisms (Ahmadi et al., 2021). Plyometric training on a non-

ridged surface, such as sand, may place a greater emphasis on the muscular system due to 

the higher level of physiological strain, leading to increased mechanical work and 

strengthening in the musculotendinous junction (Ahmadi et al., 2021; Öz et al., 2019). 

Alternatively, training on a ridged surface may place greater emphasis on the neural 

system, which enhances neural drive and MU recruitment (Elvan et al., 2019). Overall, 

both surfaces contributed to an increase in positive energy production, either during the 

eccentric phase by utilizing the recoil of elastic energy stored in the stretch-shorting cycle 

found on rigid surfaces or during concentric action due to increased muscular strength 

found on non-ridged surfaces (Ahmadi et al., 2021; Elvan et al., 2019; Öz et al., 2019). 

Overall, training on either a ridged surface (hardwood) or non-ridged surface 

(sand) seems to yield at least similar improvements in jump performance and strength. 

Based on the available literature, there are no clear protocols or sample characteristics 

that allow researchers or practicing professionals to predict the efficacy of sand versus 

land training. Further research is warranted in this area. Nevertheless, sand’s absorptive 
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and unstable properties may yield increases in lateral movement and challenges to 

balance not seen with more stable surfaces. This causes an increase in neuromuscular 

adaptations and strength within the muscles involved in balancing, thus enhancing the 

training response when transitioning to firm ground. Coaches using PT must specify the 

goals for the training session or training cycle. If the goal is to improve jump 

performance for sports such as high jump for track or volleyball, training on land or sand 

will likely yield similar improvements. However, if the goal is to reduce ground contact 

time and increase agility and speed in sports such as football and soccer, then performing 

PT on non-rigid surfaces, such as sand, are more beneficial than training on traditional 

ridged surfaces.   

Summary 

 Overall, the literature indicates PT enhances both the central and peripheral 

nervous system in a coordinated manner to improve motor control, coordination, and the 

ability to generate force. Neural adaptions are important for individuals seeking to 

enhance their athletic capabilities (Chu, 1998). When designing a PT program, it is 

important to consider a variety of plyometric modalities that can target different aspects 

of performance such as altering training surface and volume. Research is warranted in 

further examining the effects of training surface and plyometric volume training on their 

effects on lower body power development. The vast majority of investigation on this 

topic has focused on athletic populations, with less information about the effect of PT 

surface and volume on college-aged, recreationally active individuals. By studying this 

population, investigating lower body power development can contribute to the 
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advancement of individualized exercise recommendations Therefore, the purpose of the 

studies in this dissertation is to investigate how PT surface and training volume effects 

static and dynamic jump performance affect college-aged, recreationally active 

individuals. 
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CHAPTER III 

THE EFFECTS OF SURFACE COMPOSITION ON VERTICAL JUMP 

PERFORMANCE DURING A 6-WEEKS PLYOMETRIC TRAINING PROGRAM  

Introduction 

The ability to generate power in the sagittal plan is an important component in 

sports such as basketball and volleyball (Nagaraja et al., 2017). Plyometric training (PT) 

is a popular training modality to increase vertical power (Ramirez-Campillo et al., 2018). 

During PT, an eccentric pre-stretch and shortened amortization phase in the stretch-

shortening cycle (SSC) activate the stretch reflex, contributing to a more forceful 

concentric contraction (Peitz et al., 2018). Initially, plyometric research predominantly 

involved elite or extensively trained athletes. While this research offered crucial insights 

into the advantages and potential drawbacks of PT, applying these findings directly to 

physically active individuals (PAI) is not necessarily straightforward. People engaged in 

physical activity encompass a broad range of fitness levels, ages, and training 

backgrounds. Designing studies that capture this diversity can be challenging, and 

researchers may prefer to focus on more homogeneous groups to draw clearer 

conclusions.  

PT is typically performed on a hard surface like a gymnasium floor. However, PT 

can also be performed on softer surfaces such as grass, sand, and foam mats, as well as in 

water. PT on soft surfaces absorb force and reduce stress on the musculoskeletal system 

while challenging lower limb stability and increasing the amortization phase (Ramirez-

Campillo et al., 2020), ultimately requiring increased muscle fiber activation because of 
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lower elastic energy (Mirzaei et al., 2013). Ramirez-Campillo et al. (2013) documented 

the impact of training surface on the SSC in adolescent high school males. Moderate 

volume PT on hardwood provided the best stimulus for improving fast SSC performance 

(drop jump), while PT on a foam mat improved slow SSC performance (squat jump) and 

agility (Rameriz-Campillo et al., 2013). PT on hard or soft surfaces may also alter the 

training-induced effects for vertical jump performance. PT on hard surfaces appears to be 

superior in enhancing dynamic jumps (counter movement jump, approach jump) while 

PT on soft surfaces appears to be superior in enhancing static jump (Impellizzeri et al., 

2007; Ozen et al., 2020). There is a lack of research diversity on PT on different surfaces 

and their effect on vertical jump performance. A broader understanding of PT modalities 

and performance outcome can assist individuals and professionals tailoring PT programs 

to meet the specific needs and capabilities of given populations, making exercise more 

effective.  

Beyond performance outcomes, there is evidence that training on softer surfaces 

yields lower muscle soreness and/or muscle damage for amateur male and female soccer 

players (Impellizzeri et al., 2007; Miyama & Nosaka, 2004). Miyama and Nosaka (2004) 

observed lower self-reported muscle soreness (0 to 100 visual analog scale) and plasma 

creatine kinase concentration immediately after and 1, 24, 48, 72, and 96 hours following 

20 consecutive drop jumps on sand compared to hardwood. Further, Impellizzeri et al. 

(2007) observed lower self-reported muscle soreness (7-point Likert scale) when training 

in sand. Investigating performance outcome measurements with PAI can provide insight 



 

 

 

 

38  

that can be directly applied to everyday training and fitness routines, that has more 

practical relevance and more relatable for individuals who are not elite athletes. 

Although previous research has investigated the effects of PT on various surfaces, 

these studies have primarily focused on high school or elite athletic populations, leaving 

the impact of training surface on PAI unknown. Utilizing PAI as subjects for this study is 

justified, considering the extensive impact it could have on health, performance, injury 

prevention, and the optimization of exercise programs for a diverse population. The 

results of this research carry practical implications for individuals seeking to enhance 

their physical fitness and performance.    

It is important to understand how alternative training surfaces can be utilized to 

optimize specific adaptations and minimize muscle soreness or injury in a manner that is 

accessible to varying populations. Therefore, the purpose of this study was to compare 

the effects of a 6-week PT program on a hard or soft surface on changes in vertical lower 

body power assessed by; squat jump (SJ), countermovement jump (CMJ), and approach 

jump (AJ) performance in PAI. It was hypothesized that performing PT on a soft surface 

would increase SJ performance compared to hard surface. It was also hypothesized that 

performing PT on a hard surface would increase the heights of the CMJ and AJ 

performance compared to a soft surface. 

Methods 

Study Design  

This was an experimental study approved by the Middle Tennessee State 

University Institutional Review Board (IRB Approval #: 21-2173 4i; see Appendix A). 
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The dependent variables were squat jump (SJ), countermovement jump (CMJ), and 

approach jump (AJ) heights, while the independent variable was training surface (soft or 

hard). G*Power (verision 3.1.9.4) was used to calculate a priori sample size for the 

within-between interaction of a 2x2 repeated measures ANOVA. The recommended 

sample size was 8 participants per group to have power of .80, assuming a medium effect 

size and correlation of .80 among the repeated measures.  

Participants 

All 18 participants, 10 males and 8 females, participated were recruited by word 

of mouth from a university community in the Southeastern United States (see Appendix 

E). All volunteers read and signed the informed consent prior to participation (see 

Appendix C). To be included in the sample, participants needed to be physically active by 

participating in aerobic or anaerobic exercise at least 30 minutes per session, 3 days a 

week, for the past 3 months (Liguori et al., 2021), free from lower limb musculoskeletal 

injuries within the past 6 months, and not actively participating in any PT program. This 

information was obtained with physical activity, PT, and lower limb musculoskeletal 

injury surveys (see Appendix D). 

Participants were randomly assigned to soft and hard training groups while 

counterbalancing group placement by sex. The soft surface training group included 5 

males and 4 females (mean age: 20.3 ± 1.7  year; body mass 67.1 ± 7.2 kg; height 1.7 ± 

0.1 m), while the hard surface training group included 5 males and 4 females (mean age: 

22.1 ± 5.6 year; body mass 72.3 ± 16.8 kg; height 1.7 ± 0.1 m).  
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Materials and Procedures 

 During the initial session participants read and signed the informed consent and 

completed the surveys to assure they met the inclusion criteria. Participants were 

instructed to wear athletic attire for all testing and training sessions. Body mass was 

measured using a digital scale (Tanita, Arlington Heights, IL, USA) and height was 

measured using a stadiometer (SECA 222, Chino, CA, USA). Participants’ second 

session was their pre-test. During pre-test participants completed a warm-up consisting of 

10 repetitions of: jump rope, air squats, ankle hops, and countermovement jumps at a 

self-selected intensity with a 1-minute rest between each exercise. Following the warm-

up, participants rested for 2 minutes, during which instruction was given to the 

participants on how to perform each jump (SJ, CMJ, and AJ).  

 For the SJ, participants were instructed to set their feet hip width apart, squat into 

a semi-squatted position, and hold that position (3-5 seconds) with the arm pulled back to 

the side. On a cue from the primary investigator, participants were instructed to 

maximally engage their leg muscles and explode upward with arms raised above the head 

without any countermovement. For the CMJ, participants were instructed to set up in the 

same initial manner as the SJ jump, then quickly squatting down to a self-selected depth 

while pulling the arms back, and rapidly ascending into the air while throwing the arms 

overhead. For the AJ, participants were instructed to take a 3-step approach (left, right, 

left or right, left, right) to act as a breaking mechanism to convert the horizontal 

momentum into vertical propulsion. For all jumps, participants were instructed to 

perform each attempt using a bilateral stance for both take-off and landing, while 
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swinging their arms and bending their knees approximately 90 to 110 degrees to provide 

maximal vertical propulsion (Ducharme et al., 2016; Wakai & Linthorne, 2005). Prior to 

pre-testing, participants performed three submaximal SJ, CMJ, and AJ with an arm 

swing. The assessment sequence for all testing sessions was SJ, CMJ, and AJ, with 30 

seconds between each jump until no improvement in performance was achieved and a 2 

minute break between the different types of jumps. The best trial, recorded to the nearest 

half inch, was used in data analysis and all testing trials were completed on a hardwood 

surface, and measured using a Vertec™ Vertical Jump Trainer (Sports Imports, 

Worthington, OH, USA).  

The hard surface training group conducted their training regimen on a solid wood 

gymnasium floor, while the soft surface training group utilized a 2-inch-thick wrestling 

mat placed on top of the gymnasium floor. Participants performed a 2-week 

accommodation period to become familiarized with the training program. During this 

period, participants completed the first two weeks of the training program, allowing them 

to acclimate to the training requirements and receive instructions on proper form and 

technique. Following the 2-week accommodation period pre-testing was conducted. After 

the pre-testing, the 6-week training program began. Following completion of the 6-week 

training program participants underwent their post-test 24-72 hours after their last 

training session. The testing procedures for the post-test mirrored those of the pre-test. 

Training Protocol 

 For the duration of the study, participants agreed to maintain current exercise 

habits. Each training group performed an identical mixture of plyometric exercises 
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designed to increase lower body power (see Table 1), with the only difference being 

training surface. The PT program that was used in the current study was developed by 

Miller et al. (2007) and Sozbir et al. (2016). All participants performed two supervised 

training sessions per week separated by at least 48 hours for a total of 12 training 

sessions. Participants were allowed to miss two training sessions throughout the program. 

Each session began with a warm-up that consisted of standing long jumps and ankle hops 

that covered 25 meters in distance, followed by 10 CMJs. Participants performed the 

warm-up on the same surface as assigned for training. During each training session, a 30-

second break was taken between each set and a 1-minute break occurred between each 

exercise. The duration of each session ranged from 20 to 40 minutes.  

Statistical Analysis 

The mean differences for SJ, CMJ, and AJ were compared using three 2 (Surface: 

soft and hard) x 2 (Time: pre-test and post-test) repeated measures ANOVAs. An alpha 

level of p ≤ .05 was used to determine statistical significance. Effect sizes were reported 

as partial eta squared (ηp
2) and Cohen’s d (calculated as (Mean2 - Mean1) ⁄ SDpooled) for 

the ANOVAs and mean differences, respectively. All statistical analyses were completed 

using IBM SPSS v. 29 (Armonk, NY, USA). Means and standard deviations for all 

conditions are shown in Table 2. There were no instances of dropout or injury recorded 

throughout the duration of the study. 
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Results  

Squat Jump 

The results of the repeated measures ANOVA for SJ indicated no significant 2-

way interaction (F1,16 = 0.51, p = .484, 𝜂𝑝
2 = .03) and no significant main effect for 

surface (F1,16 = 0.17, p = .686, 𝜂𝑝
2 = .01). There was a significant main effect for time 

(F1,16 = 38.19, p < .001, 𝜂𝑝
2 = .71, d = 0.53; see Table 2). 

Counter-Movement Jump 

The results of the repeated measures ANOVA for CMJ indicated no significant 2-

way interaction (F1,16 = 0.41, p = .530, 𝜂𝑝
2 = .03) and no significant main effect for 

surface (F1,16 = 0.48, p = .499, 𝜂𝑝
2 = .03). There was a significant main effect for time 

(F1,16 = 56.14, p < .001, 𝜂𝑝
2 = .78, d = 0.33; see Table 2). 

Approach Jump 

For the AJ, the results of the repeated measures ANOVA indicated no significant 

2-way interaction (F1,16 = 0.76, p = .398, 𝜂𝑝
2 = .05) and no significant main effect for 

surface (F1,16 = 0.73, p = .406, 𝜂𝑝
2 = .044). There was a significant main effect for time 

(F1,16 = 29.36, p = .001, 𝜂𝑝
2 = .65, d = 0.36; see Table 2).  
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Table 1 

6-week Plyometric Training Program Protocol 

Week 
Volume 

(Foot Contacts) 
Plyometric Exercises Sets x Reps 

1 90  

Lateral ankle hops* 

Counter-movement jump* 

Front barrier jumps* 

2 x 15 

2 x 15 

5 x 6 

 

2 120  

Lateral ankle hops* 

Standing long jump* 

Lateral barrier jumps** 

Tuck jumps** 

2 x 15 

5 x 6 

2 x 15 

5 x 6 

 

3 120  

Lateral ankle hops* 

SLJ* 

Lateral barrier jumps** 

Tuck jumps** 

Lateral barrier jumps** 

2 x 12 

4 x 6 

2 x 12 

3 x 8 

2 x 12 

 

4 140  

Diagonal barrier jumps* 

Standing long jump with lateral 

sprint** 

Lateral barrier jumps** 

Single leg bound*** 

Side to side unilateral jumps*** 

4 x 8 

4 x 8 

 

2 x 12 

4 x 7 

4 x 6 

 

5 140  

Diagonal barrier jumps* 

Standing long jump with lateral 

sprint** 

Lateral barrier jumps** 

Barrier jumps with half turn** 

Single leg bound*** 

Side to side unilateral jumps*** 

2 x 7 

4 x 7 

 

4 x 7 

4 x 7 

4 x 7 

2 x 7 

 

6 120  

Diagonal barrier jumps* 

Hexagon drill* 

Barrier jumps with directional 

sprints** 

Tuck jumps** 

Side to side unilateral jumps*** 

2 x 12 

2 x 12 

4 x 6 

 

3 x 8 

4 x 6 

 

Note. * = low intensity; ** = medium intensity; *** = high intensity. 
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Table 2. Descriptive statistics for surface condition jump height (cm). 

 

 Soft Surface Hard Surface All Surfaces 

Variable Mean SD Mean SD Mean SD 

Squat jump*       

     Pre 48.6 10.7 52.6 9.8 50.6 10.3 

     Post 53.3 12.7 56.7 11.1   55.0* 11.9 

     Post-Pre 4.7  4.1    

All Times 51.0 11.7 54.7 10.4   

Counter-movement 

jump* 

      

     Pre 53.9 14.0 58.2 10.0 56.0 12.0 

     Post 57.3 14.5 61.0 10.1   59.1* 12.3 

     Post-Pre 3.4  2.8    

All Times 55.6 14.2 59.6 10.0   

Approach jump*       

     Pre 56.1 14.0 60.8 11.4 58.5 12.7 

     Post 59.1 15.1 65.0 11.8   62.1* 13.5 

     Post-Pre 3.0  4.2    

All Times 57.6 14.5 62.9 11.5   

Note. *Post-test jump height significantly greater (p < .05) than pre-test jump height. 
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Discussion 

The purpose of this study was to compare the impact of training surface on 

adaptations to 6-weeks of PT. The outcomes assessed included SJ, CMJ, and AJ and the 

training surfaces included a soft surface (2-inch wrestling mat) and a hard surface 

(hardwood gymnasium floor). Although there were no significant differences in outcome 

variable improvement based on surface, both groups exhibited statistically significant 

enhancements in VJ performance following soft surface training and hard surface 

training. 

In accordance with previous studies on athletic populations, both the hard and soft 

surface groups demonstrated comparable enhancements in SJ, CMJ, and AJ (Arazi et al., 

2014; Öz et al., 2019; Ozen et al., 2020; Ramírez-Campillo et al., 2013; Resh et al. 2017). 

Assessing a non-athletic population in the current study broadens the scope of 

applicability for PT beyond sports performance enchantment for athletes. In addition to 

statistical significance, it is important to consider the practical significance of PAI 

enhancing their jumping performance. Improvements in jumping hold importance that 

reaches beyond athletic endeavors including injury prevention, functional fitness, 

rehabilitation, and overall well-being (McKinlay et al., 2018) . In the current study, it's 

crucial to recognize the significance of the mean differences, particularly when 

considering baseline performance, training objectives, and individual variability. PAI 

increased SJ by 4.1 and 4.7 cm, CMJ by 2.8 and 3.4 cm, and AJ by 4.2 and 3.0 cm 

following the PT program on hard and soft surfaces, respectively (see Table 1). The 
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increase in jump performance is notable to practitioners. Additionally, it is important to 

consider baseline performance when establishing the practical significance of the 

findings. For example, considering that baseline VJ measurements at pre-test were 

classified as “very good” or “excellent” (Liguori et al., 2021) for participants in the 

current study, observing an increase of this magnitude is particularly meaningful. 

Physically active individuals can utilize this information to integrate a PT program into 

their exercise regimen, which may yield similar improvements in jumping performance 

as seen in the current study. Further, future researchers who build upon the findings of 

this study could further develop evidence-based guidelines for diverse populations     

The similar improvements in performance following PT on both surfaces suggests 

the PT program plays a primary role in enhancing VJ performance, regardless of training 

surface (Ozen et al., 2020). In general, adaptations to PT include increased motor unit 

function that reflects enhancements in the neuromuscular system’s ability to recruit, 

coordinate, and fire rate motor units, leading to improved muscle function and 

performance. As well as suppression of antagonist muscles, increased activation and co-

contraction of synergistic muscles, and optimization of the SSC (Arazi et al., 2014; Ozen 

et al., 2020; Ramirez-Campillo et al., 2013). While not assessed in the current study, the 

basis of VJ improvement may vary by training surface. Training on soft surfaces extends 

the amortization phase, facilitating greater muscle fiber activation (Mirzaei et al., 2013), 

effectively improving maximal concentric strength and slow SSC muscle actions 

(Ramírez-Campillo et al., 2013). In contrast, PT on a hard surface promotes the 
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utilization of stored elastic energy (Mirzaei et al., 2013), enhancing maximal dynamic 

strength and fast SSC muscle actions (Ramírez-Campillo et al., 2013).  

Contrasting the findings of the current study, Ahmadi et al. (2021) did not detect 

significant improvement in dynamic fast SSC muscle actions (spike jump or AJ) 

following 6-weeks of PT on either a soft (sand) or hard (wood) surface. One potential 

reason for this is the participants were female volleyball players and accustomed to 

performing spike jumps and AJ. Additionally, there may have been measurement 

limitations, as the participants were hitting a volleyball at a set height and tracking jump 

height using a motion tracking device potentially leading to skill of hitting a volleyball 

being the primary task instead of the jump (spike jump or AJ) being the focus. Future 

research should continue to examine the influence of PT training surface on adaptations 

to VJ performance with diverse samples, as well as expanding knowledge of the 

underlying mechanisms and histological changes incurred.  

While the present study did not assess PT on a combination of surfaces  Ramirez-

Campillo et al. (2020) discovered that among male youth soccer players, an 8-week 

midseason PT program conducted on various surfaces including grass, dirt, sand, 

gymnasium flooring, and track fields elicited more significant improvements in vertical 

jump performance compared to a program conducted on a single surface. The use of 

various training surfaces could provide greater stimulating and reduce monotony during 

training sessions. This in turn could potentially encourage individuals to exert more effort 

during training. This variation in training surfaces may also lead to diverse adaptions in 

the SSC. The current study still has limitations. The lack of kinematic and kinetic data 
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limits the capacity to identify potential mechanisms driving SSC enhancement. Future 

research should continue to investigate the physiological effects of combining different 

plyometric surfaces in training, and the impact on VJ performance using kinematic and 

kinetic measurement tools. 

Conclusion 

For the SJ, CMJ, and AJ, the current findings showed similar increases in jump 

height regardless of training surface. These findings suggest vertical power development 

is not primarily influenced by the training surface. Therefore, it is recommended when 

designing PT programs, practitioners should prioritize individual’s goals and take into 

consideration both training surface preference and training surface availability. Future 

research should continue to examine underlying neuromuscular adaptations and 

biomechanical analysis of PT performed on different surfaces and how that may affect 

vertical power development. 
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APPENDIX B 

CITI COURSEWORK REQUIREMENTS 
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APPENDIX C 

INFORMED CONSENT 

 

 
 



 

 

 

 

65  

 
 
 



 

 

 

 

66  

 
 



 

 

 

 

67  

 
 



 

 

 

 

68  

 
 
 



 

 

 

 

69  

 
 



 

 

 

 

70  

 
 
 



 

 

 

 

71  

APPENDIX D 

PARTICIPANT SURVEY 

 

 

 

Participant ID #______ 

 

Do you have any lower body injuries or other injuries that would keep you from 

performing a jump and sprint exercise routine?  If yes, please provide information 

on when injury occurred. 

 

 

 

 

 

 

What is your current exercise routine? 

 

 

 

 

 

Have you done plyometric training before?  If yes, please indicate when.  

 

 

 

 

Training History-____________________ 
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APPENDIX E 

EMAIL RECRUITMENT LETTER  

Hello! 

  

My name is Cameron Addie and I am doctoral student at MTSU. I am collecting data for 

2 separate research studies for my dissertation. I am currently looking for volunteers to 

participate in both studies. If you are interested in research, graduate school, or looking to 

add volunteer experience to your resume then this is a great opportunity to get involved! 

A description of both the studies can be found below. Please email me if you are 

interested in participating. My email is cda5f@mtmail.mtsu.edu  

  

 I am looking for participants who are: 

  

1. Male or female 

2. 18-35 years of age 

3. No current or previous lower body injury in the past 6 months 

4. Not currently performing a plyometric training program 

 

 

 Study 1: Plyometric training and surface composition on lower body power, and 

agility performance  
This study involves an 8-week plyometric training program. Each session will last30-60 

minutes.  

 Your first visit will consist of completion of informed consent, and 

anthropometric data (height & weight). After paper work you will be performing 

a general warm-up (5-mintue Monark bike, 2 X 20 jump rope). Once the warm-up 

has been completed you will practice over all drills to get familiar with the testing 

(countermovement jumps, squat jump, broad jump and pro agility test, and t-test). 

 You will be then placed in one of two groups. The first group being plyometric on 

hard surface (wood floor), the second group will perform plyometric on soft 

surface (wrestling mat)  

 You will practice these same testing drills for 3 more session before completing 

your pre-test data testing (countermovement jumps, squat jump, broad jump and 

pro agility test, and t-test). Once pre-test is completed you will then begin your 6 

week plyometric training. Each session will roughly have 100-140 jumps (line 

jumps, cone hops, vertical jumps, broad jumps) following the 6 weeks of training 
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you will then perform post testing (countermovement jumps, squat jump, broad 

jump and pro agility test, and t-test). 

 You can perform a maximum 2 session per week with at least 24 hours between 

each session. 

 You will not allowed to be in the study if they cannot commit to the 8 total weeks 

of training. You are allowed to miss 2 session, but are not allowed to miss 2 

session in the same week.   

 

 

  

 

 

 

Study 2: Effect of volume on plyometric training on lower body power and agility 

performance  
This study involves an 8 week plyometric training program. Each session should take 

about 30-60 minutes.  

 

 Your first visit will consist of completion of informed consent, anthropometric 

data (height & weight). After paper work you will be performing a general warm-

up (5-mintue Monark bike, 2 X 20 jump rope). Once the warm-up has been 

completed you will practice over all drills to get familiar with the testing 

(countermovement jumps, squat jump, broad jump and pro agility test, and t-test). 

 You will be placed in one of two groups. The first group being plyometric normal 

volume, the second group will perform plyometric with increased volume. 

 

 You will then practice these same testing drills for 3 more session before 

completing your pre-test data testing (countermovement jumps, squat jump, broad 

jump and pro agility test, and t-test). Once pre-test is completed you will then 

begin your 6 week plyometric training. Each session will roughly have 100-140 

jumps for group 1 and for group 2 to each session will roughly have 140-220 

jumps. (line jumps, cone hops, vertical jumps, broad jumps) following the 6 

weeks of training you will then be asked to perform post testing 

(countermovement jumps, squat jump, broad jump and pro agility test, and t-test). 

 You can perform a maximum 2 session per week with at least 24 hours between 

each session. 
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 You will not allowed to be in the study if they cannot commit to the 8 total weeks 

of training. You are allowed to miss 2 session, but are not allowed to miss 2 

session in the same week.   

  

Thank you and have a great day! 
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CHAPTER IV 

THE EFFECTS OF PLYOMETRIC TRAINING VOLUME ON JUMP 

PERFORMANCE USING 6-WEEK PLYOMETRIC TRAINING PROGRAM 

Introduction 

A common method to increase horizontal and vertical power is plyometric 

training (PT). In PT, an eccentric pre-stretch followed by a shortened amortization phase 

within the stretch-shortening cycle (SSC) triggers the stretch reflex, enhancing the 

intensity of the subsequent concentric contraction. Volume is an important component to 

take into consideration when optimizing a PT program to improve power (Cadore et al., 

2013; de Villarreal et al., 2008; de Villarreal et al., 2009). Training volume is commonly 

quantified as the number of foot contacts per session. The general prescription for 

optimal training adaptations suggests foot contacts of less than 80, 80-120, and more than 

120 foot contacts per session for low, moderate, and high PT volume (Chu and Myer., 

2013; de Villarreal et al., 2009). Chu and Myer (2013) further recommended 60-100, 

100-150, and 150-250 foot contacts during the off season and 100-250, 150-300, and 

150-450 during the preseason per session for beginner, intermediate, and advanced 

individuals, respectively. Other key factors to consider when prescribing PT volume 

include individual fitness level, training experience, specific goals, and the duration of 

the program. Sáez-Sáez de Villarreal et al (2010), suggested PT programs should span at 

least 10 weeks, with at least 20 sessions and at least 50 jumps of high intensity per 

session. 
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  Several investigations have been conducted to compare low and moderate PT 

volume/frequency to high volume/frequency with physically active males and collegiate 

athletes (de Villarreal et al., 2008; Ebben et al., 2014; Jeffreys et al., 2019; Yanci et al., 

2016). Overall, these studies revealed short-term (less than 7 weeks) PT using low to 

moderate frequency (1-2 days per week) and volume (180-460 foot contacts) produced 

similar enhancements in vertical and horizontal jump performance, reactive strength, and 

sprint performance versus high frequency (> 4 days per week) and volume (800-1200 

foot contacts) training. The primary mechanism responsible for adaptations to PT 

programs of different volumes is unknown. However, it is plausible high volume results 

in overreaching or overtraining (de Villarreal et al., 2008) while lower volume reduces 

overuse injury due to reduced impact forces (Yanci et al., 2016). For example, while the 

benefit of post-activation potentiation can be observed acutely following PT, muscle 

performance is impaired 24-hours after PT (Cadore et al., 2013), with studies reporting 

muscle damage and soreness up to 3 days post-training compared to baseline 

(Chatzinikolaou et al., 2010). In accord, Ebben et al. (2014) suggested a minimum of 2 

days between PT sessions, and an optimal range of 6 to 14 days post training to receive 

the physiological performance benefits.  

 With reduced time requirements and comparable development of vertical and 

horizontal power, there is evidence that PT programs with lower volume demonstrate 

similar training efficiency compared to PT with high volume. However, there is a lack of 

research variety on PT volume and the effect on jump performance using PAI. 

Establishing an appropriate volume for PT is important in designing safe, effective, and 
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personalized training programs. This optimization not only enhances performance 

outcomes but also contributes to a more comprehensive understanding of the impact of 

PT volume on overall performance. It is important to comprehend how alternative 

training volumes may be employed to optimize specific adaptations that can be applicable 

to a wide range of populations. Therefore, the aim of this study was to compare the 

impact of PT volume during a 6-week PT program on changes in vertical and horizontal 

lower body power assessed by; squat jump (SJ), countermovement jump (CMJ), 

approach jump (AJ), and broad jump (BJ) performance in PAI. It was hypothesized that 

increasing PT volume would increase SJ, CMJ, AJ, and BJ compared to moderate PT 

volume group. 

Methods 

Study Design  

The experimental study was approved by the local Institutional Review Board 

(IRB Approval #: 21-2173 4i; see Appendix A).  The dependent variables were SJ, CMJ, 

AJ, and BJ. The independent variable was training volume (moderate versus high 

volume). G*Power (version 3.1.9.4) was used to calculate a priori sample size for the 

within-between interaction of a 2x2 repeated measures ANOVA. The recommended 

sample size was 6 participants per group to have power of .80, assuming a medium effect 

size and correlation of .85 among the repeated measures. The training duration was 6 

weeks.  

Participants 

 

All volunteers were recruited from the university and signed an informed consent 

prior to participation. To be included, participants needed to be physically active based 



 

 

 

 

78  

off the American College of Sports Medicine pre-participation screening algorithm 

(participating in physical activity at least 3 days a week for the past 3 months; Liguori et 

al., 2021), free from lower limb musculoskeletal injuries (within the past 6 months), and 

not actively participating in any PT program. The 12 males who participated were 

randomly assigned to moderate volume (n = 6; age: 24.0 ± 6.0 year; body mass 77.7 ± 

17.0 kg; height 1.7 ± 0.1 m) and high volume (n = 6; age: 21.3 ± 2.5 year; body mass 

78.5 ± 8.1 kg; height 1.8 ± 0.1 m) training groups based on their order of recruitment. 

Odd number participants (1, 3, 5, 7, 9, 11) were assigned to the moderate volume while 

even number participants (2, 4, 6, 8, 10, 12) were assigned to the high volume group.  

Materials and Procedures 

Participants read and signed the informed consent and completed the PT, 

muscular skeletal injury, and physical activity history forms (see Appendix B) to 

determine if they met the inclusion criteria. Participants were instructed to wear athletic 

attire for all sessions. Wearing shoes, body mass was measured using a digital scale 

(Tanita, Arlington Heights, IL, USA) and height was measured with shoes on using a 

stadiometer (SECA 222, Chino, CA, USA). Before the pre-testing phase, participants 

engaged in a warm-up comprising 10 repetitions each of jump rope, air squats, ankle 

hops, and countermovement jumps at a self-selected intensity. A 1-minute rest interval 

separated each exercise during all training and testing sessions. Subsequent to the warm-

up, participants had a rest period, during which instructions were provided on how to 

execute each jump (SJ, CMJ, AJ and BJ).  
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For the SJ, participants were instructed to set their feet hip width apart, squat into 

a semi-squatted position, and hold that position (3-5 seconds) with the arm pulled back to 

the side. On a cue from the primary investigator, participants were instructed to 

maximally engage their leg muscles and explode upward with arms raised above the head 

without any countermovement. For the CMJ, participants were instructed to set up in the 

same initial manner as the SJ jump, then quickly squat down to a self-selected depth 

while pulling the arms back, and rapidly ascending into the air while throwing the arms 

upward overhead. For the AJ, participants were instructed to take a 3-step approach (left, 

right, left or right, left, right) to act as a breaking mechanism to convert the horizontal 

momentum into vertical propulsion, participants used the same approach for their AJ for 

each testing and training session. Lastly for the BJ participants were instructed to perform 

the jump using a bilateral stance for both take-off and landing, while swinging their arms 

and bending their knees to provide maximal horizontal propulsion forward. Participants 

were also instructed to have a knee bend of 90 to 110 degrees (Ducharme et al., 2016; 

Wakai & Linthorne, 2005).  

Before the formal testing, participants executed three submaximal SJ, CMJ, AJ, 

and BJ with an arm swing. The assessments for each testing session were conducted in 

the same order: BJ, SJ, CMJ, and AJ. Participants rested for 30 seconds between jump 

attempts and 2 minutes when switching to a new jump assessments.  The data analysis 

utilized the best trial, and all testing trials occurred on a hardwood surface. Vertical 

assessments (SJ, CMJ, AJ) were measured using a Vertec™ Vertical Jump Trainer (Sports 

Imports, Worthington, OH, USA). The distance of the BJ was measured in centimeters 
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from the heel upon landing, using a tape measure. (Martin Sports, Carlstadt, NJ, USA). 

Both groups performed testing and training regimen on a solid wood gymnasium floor.  

Participants underwent a 2-week accommodation period to familiarize themselves with 

the training program. Within this timeframe, they completed the initial two weeks of the 

training, allowing them to adapt to the program's requirements and receive guidance on 

proper form and technique. Following the accommodation period the pre-test was 

administered. Following the pre-test the 6-week training program commenced. After 

completing the full 6-week program, participants took a post-test 24-72 hours after their 

last training session. The post-test procedures mirrored those of the pre-test. 

Training Protocol 

Throughout the study, participants committed to maintaining their existing 

exercise routines. Both volume groups engaged in an identical set of plyometric exercises 

aimed at enhancing lower body power (refer to Table 1). The only distinction is the high 

PT volume group completed 30% more volume per training session. The PT program 

utilized in this study was developed by Miller et al. (2007) and Sozbir et al. (2016). All 

participants attended two supervised training sessions per week, with a minimum 48-hour 

gap between sessions, totaling 12 training sessions. Participants were allowed to miss up 

to two training sessions. Each session commenced with a warm-up consisting of standing 

long jumps, ankle hops covering a 25-meter distance, and 10 countermovement jumps 

(CMJs). During each training session, a 30-second break separated each set, and a 1-

minute break occurred between each exercise. The total duration of each session ranged 
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from 20 to 40 minutes. No participants dropped out or sustained injuries during the 

entirety of the PT study. 

Statistical Analysis  

The mean differences for BJ, SJ, CMJ, and AJ were compared using four 2 

(Volume: moderate and high) x 2 (Time: pre-test and post-test) repeated measures 

ANOVAs. An alpha level of p ≤ .05 was used to determine statistical differences. Effect 

sizes were reported as partial eta squared (ηp
2) and Cohen’s d (calculated as (Mean2 - 

Mean1) ⁄ SDpooled) for the ANOVAs and mean differences, respectively. All statistical 

analyses were completed using IBM SPSS V. 29 (Armonk, NY, USA).  

Results  

Broad Jump 

The results of the repeated measures ANOVA for BJ indicated no significant 2-

way interaction (F1,10 = 0.09, p = .767, 𝜂𝑝
2 = .01). There was, however, significant main 

effects for time (F1,10 = 22.12, p = .001, 𝜂𝑝
2 = .69, d = 0.73) and volume (F1,10 = 4.98, p = 

.050, 𝜂𝑝
2 = .33, d = 1.29; see Table 2). 

Squat Jump 

The results of repeated measures ANOVA for SJ indicated no significant 2-way 

interaction (F1,10 = 2.92, p = .118, 𝜂𝑝
2 = .23). In addition, there were no significant main 

effects for time (F1,10 = 3.46, p = .093, 𝜂𝑝
2 = .26) or volume (F1,10 = 0.04, p = .844, 𝜂𝑝

2 = 

.004; see Table 2). 

 

 



 

 

 

 

82  

Counter-Movement Jump 

The results of the repeated measures ANOVA for CMJ indicated no significant 2-

way interaction (F1,10 = 2.02, p = .186, 𝜂𝑝
2 = .17) and no significant main effect for 

volume (F1,10 = 0.34, p = .573, 𝜂𝑝
2 = .03). There was a significant main effect for time 

(F1,10 = 7.62, p = .020, 𝜂𝑝
2 = .43, d = 0.18 see Table 2). 

Approach Jump 

The repeated measures ANOVA for AJ indicated no significant 2-way interaction 

(F1,10 = 0.08, p = .783, 𝜂𝑝
2 = .01) and no significant main effect for volume (F1,10 = 0.53, p 

= .482, 𝜂𝑝
2 = .05). There was a significant main effect for time (F1,10 = 54.64, p < .001, 𝜂𝑝

2 

= .85, d = 0.53 see Table 2). 
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Table 1 

6-Week Plyometric Training Program Protocol 

Week Volume 

(Foot Contacts) 

Plyometric Exercises Sets x Reps 

 Moderate High Moderate High 

1 90 115 Lateral ankle hops* 

Counter-movement jump* 

Front barrier jumps* 

2 x 15 

2 x 15 

5 x 6 

3 X 15 

3 X 15 

5 X 5 

2 120 150 Lateral ankle hops* 

Standing long jump* 

Lateral barrier jumps** 

Tuck jumps** 

2 x 15 

5 x 6 

2 x 15 

5 x 6 

3 X 15 

5 X 6 

3 X 15 

5 X 6 

3 120 150 Lateral ankle hops* 

Standing long jump* 

Lateral barrier jumps** 

Tuck jumps** 

Lateral barrier jumps** 

2 x 12 

4 x 6 

2 x 12 

3 x 8 

2 x 12 

3 X 10 

3 X 10 

3 X 10 

3 X 10 

3 X 10 

4 140 180 Diagonal barrier jumps* 

Standing long jump with lateral 

sprint** 

Lateral barrier jumps** 

Single leg bound*** 

4 x 8 

4 x 8 

2 x 12 

4 x 7 

4 x 6 

4 X 10 

4 X 10 

2 X 12 

5 X 7 

6 X 6 
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Side to side unilateral jumps*** 

5 140 180 Diagonal barrier jumps* 

Standing long jump with lateral 

sprint** 

Lateral barrier jumps** 

Barrier jumps with half turn** 

Single leg bound*** 

Side to side unilateral jumps*** 

2 x 7 

4 x 7 

4 x 7 

4 x 7 

4 x 7 

2 x 7 

4 X 7 

4 X 8 

4 X 7 

4 X 8 

4 X 8 

4 X 7 

6 120 150 Diagonal barrier jumps* 

Hexagon drill* 

Barrier jumps with directional 

sprints** 

Tuck jumps** 

Side to side unilateral jumps*** 

2 x 12 

2 x 12 

4 x 6 

3 x 8 

4 x 6 

3 X 10 

2 X 12 

5 X 6 

5 X 8 

5 X 6 

Note. * = low intensity; ** = medium intensity; *** = high intensity. 
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Table 2. Descriptive statistics for performance outcomes based on training volume 

(cm). 

 

Variable 
Moderate Volume High Volume All Volumes 

Mean SD Mean SD Mean SD 

Broad jump*       

     Pre 226.2 13.8 245.2 16.0 235.7 14.9 

     Post 239.5 9.7 256.9 14.0 248.2* 12.8 

     Post-Pre 13.3  11.7    

All Times 232.8 11.8 251.0 15.0   

Squat jump       

     Pre 55.7 10.0 59.0 5.1 57.3 7.6 

     Post 60.2 11.2 59.2 8.6 59.7 9.9 

     Post-Pre 4.6  0.2    

All Times       

Counter-movement jump*       

     Pre 61.9 9.5 65.9 7.1 63.9 8.3 

     Post 64.4 9.5 66.7 7.9 65.5* 8.7 

     Post-pre 2.5  0.8    

All Times       

Approach jump*       

     Pre 66.0 10.5 70.1 6.7 68.1 8.6 

     Post 71.1 9.7 74.9 7.2 73.0* 8.5 

     Post-Pre 5.1  4.8    

All Times       

Note. *Post-test jump height significantly greater (p < .05) than pre-test jump height. 
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Discussion  

 The purpose of this study was to compare the impact of volume on changes in 

vertical and horizontal lower body power measured by SJ, CMJ, AJ, and BJ performance 

following a 6-week PT program. The moderate group completed a total of 1460 contacts 

and the high group completed 1850 foot contacts. The results indicated similar 

improvements from pre- to post-test in BJ, SJ, CMJ, and AJ for the moderate and high 

volume groups. However, it is notable that the high volume group exhibited significantly 

better performance for this outcome at both pre- and post-test. Finally, neither group 

exhibited improvements in SJ from pre-test to post-test. 

 Like previous research on moderate and high volume PT with athlete and non-

athlete populations, the current sample exhibited comparable enhancements in BJ, CMJ, 

and AJ following both volume protocols (de Villarreal et al., 2009; Jeffreys et al., 2019; 

Yanci et al., 2016). Continuing assessments of moderate to high PT volume using a non-

athletic population expands the applicability of PT beyond sports performance. The 

current study findings demonstrate significant increases in BJ, CMJ, and AJ following a 

6-week PT program using either a moderate or high volume (see table 2). Further, the 

mean differences signify practically significant increases in each of these outcomes.. On 

average, the study participants experienced an increase in BJ ranging from 11.7 to 13.3 

cm, CMJ from .8 to 2.5 cm, and AJ from 4.8 to 5.1 cm, highlighting the effectiveness of 

the PT program.  

Although similar improvements were observed between groups following PT, the 

high volume group started with significantly better BJ performance. It is not known if 
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these programs would have been equally effective if the participants demonstrated similar 

baselines. Lastly, methodological differences may explain why the current findings differ 

from those reported by Ramírez-Campillo et al. (2013), who observed larger 

improvements in fast SSC actions (drop jumps and sprints) following high volume PT 

(120 foot contacts per session; 1460 total foot contacts) compared with moderate volume 

PT (60 foot contacts per session; 780 total foot contacts). After the first week of the PT 

program, both volume conditions in the current study either matched or surpassed the 

high volume condition reported by Ramírez-Campillo et al. (2013), likely explaining why 

groups in the current study demonstrated significant improvement in CMJ and AJ 

performance.  

Although the results of the current study indicate comparable improvements in measures 

of horizontal and vertical jumping performance, there was no increase in SJ performance 

for either group. These findings contradict those of previous investigations (de Villarreal 

et al., 2009; Jeffreys et al., 2019; Potach & Chu., 2008; Ramírez-Campillo et al., 2013; 

Yanci et al., 2016). Because the current study utilized participants with low PT history, 

changes in all training outcomes would be expected. There is not a definitive explanation 

for the lack of SJ improvement for the participants of the current study. However, 

potential reasons include a lack of specificity in the PT program that targeted the 

movement patterns associated with the SJ and technical issues involving poor technique 

and form during the SJ. Another possible explanation is the program may not have been 

ideally designed for the participants based on their prior lack of PT experience. For 

example, Ramírez-Campillo et al. (2013) found that only those in the moderate volume 
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PT group (60 foot contacts per session; 780 total foot contacts) improved SJ performance, 

while their high volume group (120 foot contacts per session; 1460 total foot contacts) 

did not exhibit meaningful changes. Again, because the volume of the moderate group in 

the current study was equivalent to that of the high volume group for Ramírez-Campillo 

et al. (2013), the training volume was potentially too high, particularly for this sample. 

Finally, although there were no statistically significant changes in SJ performance from 

pre- to post-test observed, it is notable that the mean difference for the moderate group 

was 4.6 cm and only 0.2 cm for the high volume group. Additionally, performance at pre-

test for the high volume group was comparable to that at post-test of the moderate 

volume group. Further research is warranted to understand the influence of PT volume on 

SJ performance in this population.  

The practicality of this study only applies to PAI with minimal PT history. In 

alignment with the principle of specificity, it is notable that the emphasis of a given PT 

program is likely to yield improvements in complementary types of jumping (deVillareal 

et al., 2009; Yanci et al., 2019). Future research should continue to examine the influence 

of program volume while considering the vertical or horizontal components of the 

program, specifically assessing how those transfer to vertical and horizontal jump 

performance. It remains unclear how a lower training volume would influence horizontal 

and vertical jump performance with this population. Additionally, while performance 

outcomes were assessed, the lack of biomechanical data and reactive strength index limits 

our ability to provide insight into the mechanisms driving SSC enhancement. Future 

studies can be strengthened by including these variables.  
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 In conclusion, the results of the present study indicate that implementing 

moderate volume (90-140 foot contacts per training session; 1460 total foot contacts) to 

high volume (115-180 foot contacts per training session; 1850 total foot. contacts) PT for 

6 weeks improves horizontal (BJ) and vertical (CMJ and AJ) lower body power for PAI. 

However, no changes in SJ performance were observed post-training for either group. 

Interestingly, our results indicate higher PT volume (as measure by jumps) does not lead 

to greater improvements in jumping performance for PAI, leading to question the need 

for higher training volumes. With this knowledge, practitioners should individualize 

training volume based on factors such as training status, history, and injury status to 

optimize outcomes and minimize injury risk. 
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APPENDIX A 
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APPENDIX B 

CITI COURSEWORK REQUIREMENTS 
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APPENDIX C 

INFORMED CONSENT 
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APPENDIX D 

PARTICIPANT SURVEY 

 

 

 

Participant ID #______ 

 

Do you have any lower body injuries or other injuries that would keep you from 

performing a jump and sprint exercise routine?  If yes, please provide information 

on when injury occurred. 

 

 

 

 

 

 

What is your current exercise routine? 

 

 

 

 

 

Have you done plyometric training before?  If yes, please indicate when.  

 

 

 

 

Training History-____________________ 
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APPENDIX E 

EMAIL RECRUITMENT LETTER  

Hello! 

  

My name is Cameron Addie and I am doctoral student at MTSU. I am collecting data for 

2 separate research studies for my dissertation. I am currently looking for volunteers to 

participate in both studies. If you are interested in research, graduate school, or looking to 

add volunteer experience to your resume then this is a great opportunity to get involved! 

A description of both the studies can be found below. Please email me if you are 

interested in participating. My email is cda5f@mtmail.mtsu.edu  

  

 I am looking for participants who are: 

  

5. Male or female 

6. 18-35 years of age 

7. No current or previous lower body injury in the past 6 months 

8. Not currently performing a plyometric training program 

 

 

 Study 1: Plyometric training and surface composition on lower body power, and 

agility performance  
This study involves an 8-week plyometric training program. Each session will last30-60 

minutes.  

 Your first visit will consist of completion of informed consent, and 

anthropometric data (height & weight). After paper work you will be performing 

a general warm-up (5-mintue Monark bike, 2 X 20 jump rope). Once the warm-up 

has been completed you will practice over all drills to get familiar with the testing 

(countermovement jumps, squat jump, broad jump and pro agility test, and t-test). 

 You will be then placed in one of two groups. The first group being plyometric on 

hard surface (wood floor), the second group will perform plyometric on soft 

surface (wrestling mat)  

 You will practice these same testing drills for 3 more session before completing 

your pre-test data testing (countermovement jumps, squat jump, broad jump and 

pro agility test, and t-test). Once pre-test is completed you will then begin your 6 

week plyometric training. Each session will roughly have 100-140 jumps (line 

jumps, cone hops, vertical jumps, broad jumps) following the 6 weeks of training 
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you will then perform post testing (countermovement jumps, squat jump, broad 

jump and pro agility test, and t-test). 

 You can perform a maximum 2 session per week with at least 24 hours between 

each session. 

 You will not allowed to be in the study if they cannot commit to the 8 total weeks 

of training. You are allowed to miss 2 session, but are not allowed to miss 2 

session in the same week.   

 

 

  

 

 

 

Study 2: Effect of volume on plyometric training on lower body power and agility 

performance  
This study involves an 8 week plyometric training program. Each session should take 

about 30-60 minutes.  

 

 Your first visit will consist of completion of informed consent, anthropometric 

data (height & weight). After paper work you will be performing a general warm-

up (5-mintue Monark bike, 2 X 20 jump rope). Once the warm-up has been 

completed you will practice over all drills to get familiar with the testing 

(countermovement jumps, squat jump, broad jump and pro agility test, and t-test). 

 You will be placed in one of two groups. The first group being plyometric normal 

volume, the second group will perform plyometric with increased volume. 

 

 You will then practice these same testing drills for 3 more session before 

completing your pre-test data testing (countermovement jumps, squat jump, broad 

jump and pro agility test, and t-test). Once pre-test is completed you will then 

begin your 6 week plyometric training. Each session will roughly have 100-140 

jumps for group 1 and for group 2 to each session will roughly have 140-220 

jumps. (line jumps, cone hops, vertical jumps, broad jumps) following the 6 

weeks of training you will then be asked to perform post testing 

(countermovement jumps, squat jump, broad jump and pro agility test, and t-test). 

 You can perform a maximum 2 session per week with at least 24 hours between 

each session. 
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 You will not allowed to be in the study if they cannot commit to the 8 total weeks 

of training. You are allowed to miss 2 session, but are not allowed to miss 2 

session in the same week.   

  

Thank you and have a great day! 
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CHAPTER V 

OVERALL CONCLUSIONS 

 

There were two purposes of this dissertation. The first purpose was to compare 

the effects of a 6-week PT program on a hard or soft surface on changes in vertical lower 

body power, and the second purpose was compare the impact of PT volume during a 6-

week PT program on changes in vertical and horizontal lower body power. The study was 

approved by University Institutional Review Board and participants signed an informed 

consent before completing the training program. College-age students who were free 

from lower body injury in the past 6 months and were not currently performing a PT 

program participated in the study. 

In the first study, the effects of training surface following a 6-week PT program 

on vertical jump performance was assessed by SJ, CMJ, and AJ. The initial session 

included reading and signing the informed consent and completing the surveys to assure 

they met the inclusion criteria. The plyometric survey questions included PT history, 

overall training history, current physical activity, and injury history. Additionally, age, 

height, and body mass were measured and recorded. Participants were randomly assigned 

to the soft and hard surface training group with participant sex used to counterbalance 

group placement. The hard surface training group performed their training regimen on a 

solid wood gymnasium floor, while the soft surface training group trained on a 2-inch-

thick wrestling mat placed on top of the gymnasium floor.  
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Participants wore athletic attire for all testing and training sessions. Following the 

initial session, Participants performed a 2-week accommodation period to become 

familiarized with the training program. During this period, participants completed the 

first two weeks of the training program, allowing them to acclimate to the training 

requirements and receive instructions on proper form and technique. Participants 

performed a pre-test after the 2-week accommodation period where max SJ, CMJ, and AJ 

were measured using a Vertec™. Following the pre-test, participants performed the 6-

week PT program on their assigned surface. Participants completed two training sessions 

per week, and were allowed to miss two training sessions, as long as not occurring in the 

same week. Following the PT program the participants performed their post-test in the 

same manner as their pre-test. 

The results indicated significant increases in vertical jump performance for all 

outcome measures (SJ, CMJ, and AJ) on both surfaces. Potential sources of these 

adaptations include improvements in neuromuscular adaptations, SSC enhancement, 

muscular strength, and power development irrespective of training surface (Aagaard, 

2003; Behrens et al., 2013; Hedayatpour & Falla, 2015). When designing a PT program, 

practitioners and coaches can prioritize individual goals and consider personal 

preferences for and access to various training surfaces. Future research should continue to 

examine underlying neuromuscular adaptations and biomechanical analysis of PT 

performed on different surfaces and how that may affect vertical power development. 

 In the second study, the effects of PT volume on vertical and horizontal jump 

performance, assessed by BJ, SJ, CMJ, and AJ were studied. Session one was the same 
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for studies 1 and 2, with assessment of study inclusion criteria and completion of 

informed consent documents by those who qualified for participation Participants were 

randomized into the moderate or high volume training groups based on their order of 

recruitment. Odd number participants (1, 3, 5, 7, 9, 11) were assigned to the moderate 

volume group while even number participants (2, 4, 6, 8, 10, 12) were assigned to the 

high volume group.  

Both training groups performed their PT on a hard training surface. The moderate 

volume group performed between 90-140 foot contacts per training session for a total of 

1460 foot contacts during the study while the high volume group performed between 

115-180 foot contacts per training session for a total of1850 foot contacts. Participants 

wore athletic attire for all testing and training sessions. Following the initial session, 

Participants performed a 2-week accommodation period to become familiarized with the 

training program. During this period, participants completed the first two weeks of the 

training program, allowing them to acclimate to the training requirements and receive 

instructions on proper form and technique. Participants performed a pre-test after the 2-

week accommodation period, where vertical jump was assessed by SJ, CMJ, and AJ 

using a Vertec™. Horizontal jump distance was assessed with BJ and was measured from 

the heel upon landing using a tape measure. Following the pre-test, participants 

performed the 6-week PT program. Participants underwent the identical training protocol 

as in study 1. Subsequently, after completing the PT program, participants conducted the 

post-test in the same manner as the pre-test the same PT. 
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Following the varied volume PT, there was no statistically significant increase in 

SJ performance. However, there were increases in CMJ, AJ, and BJ performance 

following the PT program for both training volumes. Interestingly, our results indicate 

that higher PT volume (as measure by foot contacts) did not lead to greater improvements 

in jumping performance for PAI. Therefore, increasing PT volume is not required to elicit 

greater improvements in vertical and horizontal jumping performance. With this 

understanding, practitioners and coaches should tailor PT volume to individual’s needs, 

while considering factors like training background, injury history, and current training 

status to maximize benefits while reducing the risk of injury. 

Overall conclusions 

 In these samples of PAI there were statistically significant increases in vertical 

and horizontal jump performance in all training surface and training volume groups. 

These results indicate that training surface may not be a limiting factor in enhancing 

jumping performance and that the PT program itself may play an important role. In 

addition, the results indicate that PT volume between 1460 and 1850 foot contacts is 

sufficient to increase both vertical and horizontal jump performance. Future research 

should include defining the minimum volume threshold that can elicit benefits in jump 

performance for PAI. Additionally, there is a shortage of kinematic and kinetic data on 

the changes that occur from PT with PAI. The lack of these research data limit the 

capacity to identify potential mechanisms driving SSC enhancement. Ultimately, PAI 

who engage in PT may choose the training surface and volume of their choice based on 

individual goals, preferences, and training readiness, as well as considering access to 
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facilities and equipment. Lastly, the adage “more is better” was not supported by these 

data in designing PT programs for PAI. 
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