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ABSTRACT 

 

Disparity exists in the literature as to whether or not flexibility exercises should be used in the 

warm-up period prior to muscular performance. A number of studies and reviews explain and 

summarize the physiological role of warm-ups; numerous studies have shown several 

methods of stretching to have deleterious effect on force, speed and power production, 

whereas other investigations have shown no effect or no differences when using different 

warm-up protocols.  

 

A limitation in the current body of literature is a lack of studies comparing several stretching 

interventions and warm-ups on comparable force, power, speed and continuous muscular 

work tasks using multivariate approaches that examine the influence of stretching and 

preparatory warm-up strategies and potential interactions of gender. 

 

Sixty healthy, physically fit, active males (N=32) and females (n=28) participated in the 

study (mean age = 25 years; mean height = 175cm; mean weight = 70kg). Subjects were 

randomly assigned to one of six treatment groups. Each treatment group comprised of ten 

participants. The treatment groups consisted of three separate flexibility interventions (static, 

proprioceptive neuromuscular facilitation [PNF] and active mobility stretching), one specific 

warm-up intervention, one combined PNF with specific warm-up intervention and one 

control group. All subjects were tested 5 minutes pre and 2 minutes post intervention. 

Muscular performance was measured on the CYBEX 340 isokinetic muscle evaluation 

system with HUMAC software at isokinetic speeds of 60, 180 and 300os-1 using leg 

extension/flexion to assess torque, muscular work and fatigue index. Leg power indices of 

contact time, flight time and height were assessed with Speed Light Sports Timing System 
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using jump mode and acceleration at 10 meter using timing gates was tested with the same 

instrument. 

 

MANOVA analysis indicated the results were borderline in terms of statistical significance, 

(Pillai’s Trace = 1.249, F=1.305, hypoth. df=60, error df=235, p=.085; Wilks’ Lambda = 

0.202, F=1.393, hypoth.; df=60, error df=205, p=.047). However, follow-up tests indicated 

some interesting univariate sources of significant difference. One-way ANOVA based on 

difference scores (post – pre scores) revealed that vertical jump height, flight time and 

contact time were not impacted by any warm-up treatment. Sprint times were negatively 

influenced by PNF stretching. Warm-up sets, static and active mobility stretching and 

combined PNF stretching and warm-up sets had no effect. Peak torque, total work and fatigue 

index at 300os-1 were not impacted by any warm-up treatment. Lower limb strength and 

ability to perform work at speeds of 180os-1 were improved after the performance of static 

stretching but impaired after PNF and active mobility stretching, respectively. All other 

interventions had no effect. Peak torque at 60os-1 was not influenced by any warm-up 

intervention. 

 

Preparatory activities or warm-up activities are included in many sports prior to maximal 

effort competition, in the belief that subsequent performances will be enhanced. The 

outcomes of such practices based on this research indicate the interactions at the 

holistic/organism level and dependent on torque, work, power and acceleration are complex. 

This requires the coach to have an understanding of the complex effects of different types of 

warm-up on the varying muscular force requirements of the chosen sport. Diverse warm-up 

protocols differentially influence the biomechanical constructs of torque, work, power and 
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acceleration. The applied sport implication is a further fine tuning of warm-up protocols 

articulated with sport specific outcome. 
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EXECUTIVE SUMMARY 

 

Numerous studies have investigated the acute effects of various modes of stretching and 

flexibility exercises on indices of muscular effort and performance, such as speed, strength 

and power (Rubini et al. 2007; Behm and Chaouachi, 2011). Early investigations generally 

found that augmentation of flexibility prior to muscular effort resulted in performance 

decrements (Young 2007). However, the practical application to sport and exercise of the 

many studies showing deleterious effects of stretching on performance have been recently 

questioned, primarily due to restrictive participant number, excessive stretching durations, 

lack of multiple treatment groups to assess the impact of varied stretching methods on several 

measurements of muscular performance and insufficient time period between stretching and 

testing protocols (Behm and Chaouachi, 2011). The current study was designed and 

implemented to address the short comings in the literature, assessing the impact of several 

stretching and warm-up methods typically used in sport and exercise training settings on the 

motor functions of strength, speed and power.  

 

Sixty participants (male=32, age=25, s.d.=8.0 years; female=28, age=25, s.d.=6-3 years) 

represented the volunteer/convenient sample in the study. Participants were randomly 

assigned to one of six treatment groups. Each treatment group comprised of ten participants. 

The treatment groups consisted of three separate flexibility interventions (static, PNF and 

active mobility stretching), one specific warm-up intervention, one combined PNF with 

specific warm-up intervention and one control group. All subjects were tested 5 minutes pre 

and 2 minutes post intervention. Biomechanical measures of isokinetic peak torque, work, 

power and fatigue index for leg extension at 60os-1, 180os-1  and 300os-1 assessed via a 

CYBEX 340 Muscle Evaluation System; a counter movement jump or CMJ measuring 
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contact time (nearest .01s), flight time (nearest .01s) and peak height (nearest .01m) via a 

Swift Speedlight Jump Reaction Board (Swift Performance Equipment, Wacol, Queensland, 

Australia); and 10m sprint acceleration (nearest .01s) via Swift Speedlight TT Timing System 

were collected within a university exercise physiology laboratory.  

 

MANOVA analysis indicated the results were borderline in terms of statistical significance, 

(Pillai’s Trace = 1.249, F=1.305, hypoth. df=60, error df=235, p=.085; Wilks’ Lambda = 

0.202, F=1.393, hypoth.; df=60, error df=205, p=.047). However, follow-up tests indicated 

significant difference for some of the univariate sources. One-way ANOVA based on 

difference scores (post – pre scores) revealed that vertical jump height (p>0.773), flight time 

(p>0.705) and contact time (p>0.203) were not impacted by any warm-up treatment. Sprint 

times were negatively influenced by PNF stretching (p<0.003). Warm-up sets, static and 

active mobility stretching and combined PNF stretching and warm-up sets had no effect. Peak 

torque (p>0.064), total work (p>0.156) and fatigue index at 300os-1 (p>0.555) were not 

impacted by any warm-up treatment. Lower limb strength (p<0.012) and ability to perform 

work (P<0.005) at speeds of 180os-1 were improved after the performance of static stretching 

but impaired after PNF and active mobility stretching, respectively. All other interventions 

had no effect (p>0.178). Peak torque (p>0.657) and total work (p>0.358) at 60os-1 was not 

influenced by any warm-up intervention. 

 

Contrary to the majority of studies assessing the effects of flexibility on muscular 

performance, when utilizing stretching methods commonly used in ‘real world’ sport and 

exercise settings, it was found that there was no significant change observed in any of the six 

treatment conditions for the height, flight time or contact time of the vertical jump. Secondly, 

10-meter sprint times showed that sprint times were negatively influenced by PNF stretching. 
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Warm-up sets, static and active mobility stretching and combined PNF stretching and warm-

up sets had no effect on sprint performance. Thirdly, peak torque, total work and fatigue 

index at 300os-1 was not impacted by any warm-up treatment. Fourthly, peak torque, total 

work and fatigue index at 180os-1 showed that peak torque and ability to perform work were 

improved after the performance of static stretching. However, PNF stretches and active 

mobility stretching impaired performance. All other interventions had no effect. Finally, it 

was found that peak torque at 60os-1 was not influenced by any warm-up intervention. 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Background 
The preparatory activity utilized by athletes and those involved in fitness training performed 

prior to strength training is termed a warm-up. The primary aim of a warm up is to enhance 

the subsequent performance via neuromuscular, mechanical and psychological pathways 

(Bishop, 2003a; Bishop, 2003b). Most athletes and fitness participants perform stretching as 

part of the warm-up prior to physical activity in order to prevent injuries, increase range of 

motion and enhance sports performance (Shrier, 2004; Thacker et al., 2004). The inclusion of 

pre-exercise stretching in the warm up period has been a popular and accepted practice for 

decades (Young and Behm, 2002).  

 

There are various techniques of stretching that athletes and fitness participants’ use, including 

static, ballistic, neuromuscular, and dynamic stretching (Chaitow, 2007). However, static 

stretching is the most commonly used, as it is easy and safe (Alter, 1997; Anderson, 2000; 

King, 2003; Young and Behm, 2002). Additionally, the vast majority of studies to date have 

utilized this method of flexibility training when addressing the effects of stretching on 

subsequent force production in their research (Behm et al., 2001; Church et al., 2001; 

Cornwell et al., 2001; Cornwell et al., 2002; Evetovich et al., 2003; Faigenbaum et al., 2005; 

Fowles et al., 2000; Fry et al., 2003; Kokkonen et al., 1998; Noffal et al., 2004; Wallmann et 

al, 2005; Young and Behm 2003; Young and Elliot 2001). 

 

Despite the popularity of pre-exercise static stretching, a large body of evidence exists that 

does not support the practice of utilizing flexibility exercises prior to muscular performance. 

Early investigations have shown that static stretching reduces subsequent maximal force or 
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torque production (Behm et al., 2001; Cornwell et al., 2002; Evetovich et al., 2003; Fowles et 

al., 2000; Kokkonen et al., 1998), power production and vertical jump performance (Church 

et al., 2001; Cornwell et al., 2001; Fry et al., 2003; Young and Behm 2003; Young and Elliot, 

2001), running velocity and speed of movement (Nelson et al., 2006; Fletcher and Jones, 

2004; Siatras et al., 2003; Noffal et al., 2004) and muscle activation (Behm et al., 2001; 

Marek et al., 2004; Fowles and Sale, 1997).  

 

The reduction in force and power production after flexibility drills is not limited to static 

stretching. Decreased muscular performance has also been demonstrated after ballistic 

stretching (Nelson and Kokkonen, 2001), active stretching (Cramer et al., 2004) and PNF 

stretching (Rubini et al. 2005; Marek et al. 2005; Mello and Gomes, 2005).  

 

Performance decrements have been demonstrated with both short and long duration 

stretching. A study by Young and Behm (2003) used three repetitions of 30 second stretches 

for the quadriceps and plantar flexors and found a 15.4% reduction in squat jump 

performance. Fowles et al. (2000) utilized 33 minutes of stretching for the muscles of the 

lower limbs and demonstrated a reduction in plantar flexor strength of 28%. Furthermore, 

similar stretching-induced decrements in muscular strength capabilities have been reported 

with the use of both static (Fowles et al., 2000), active (Cramer et al., 2004) and 

neuromuscular, or proprioceptive neuromuscular facilitation (Marek et al., 2005) stretching. 

 

Additionally, the stretching-induced decrements in strength and power appear to persist for a 

prolonged period after stretching. Fowles and Sale (1997) and Fowles et al. (2000) measured 

decreases in force production for up to an hour after 20 and 33 minutes of stretching, 
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respectively. In a recent study by Powers et al. (2004), static stretching impaired isometric 

force production for up to 120 minutes.  

 

Not all investigations, however, have found negative effects of stretching on performance. 

The studies by Muir et al. (1999), Mello et al. (2002), Garrison et al. (2002), Bandeira et al. 

(2003), Cramer et al (2004), Behm et al (2004), Egan et al. (2006), Wallmann et al. (2008)  

and Torres, et al. (2008) failed to find any detrimental effects of stretching on strength and 

power production. 

 

Possible explanations for the discrepancy in the literature include duration of the stretching 

protocol prior to testing, the training experience of the subjects and the amount of rest 

allowed between the stretching and the testing (Young, 2007; Rubini, 2007; Torres et al. 

2008). 

 

Wiemann and Hahn (1997) have shown that acute static stretching enhances range of motion 

and increases muscle temperature. The changes in range of motion with stretching have been 

attributed to possible changes in the viscoelastic properties of the muscle (Avela et al., 1999; 

Magnusson et al., 2000; Wilson et al., 1994), decreased muscle activity (as measured by 

simultaneous mechanomyography and electromyography), and a psychological variable 

identified as ‘‘stretch tolerance’’ (Magnusson, 1998). The commonly observed decrease in 

muscle force output has been attributed to mechanical factors, such as changes in muscle 

stiffness (Cramer et al., 2005), and neuromuscular factors, such as decreased motoneuron 

excitability, resulting in decreased motor unit activation (Behm et al., 2001; Fowles et al., 

2000; Guissard et al., 2001), and as a result of an attenuation of the muscle force generating 

capacity itself (Fowles et al., 2000).  
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Additionally, the majority of studies in this area of research have utilized stretching durations 

far in excess of those used prior to sports performance and fitness training. Related to this is 

the absence of specific warm-up sets prior to maximal effort – which, of course, would rarely 

happen in ‘real world’ situations of sport and fitness training. Moreover, there has been a lack 

of different genders studied, varied stretching methods employed and several performance 

tests used to enable the researchers to identify potential differences between genders and 

stretching method interactions between a number of comparable indices of strength, speed, 

power and muscular endurance. 

 

Consequently, the ideal preparation for activities that involve muscular strength, speed, 

power and/or endurance have not been completely identified.  

 

Traditional wisdom has included stretching as part of the warm-up prior to muscular 

performance. The most commonly used and researched method of stretching is static 

stretching. The majority of studies performed on stretching and subsequent force production 

have demonstrated that both short (90 seconds) and long (30 minutes) duration stretching 

induces a significant decrement in strength, power, movement speed and muscle activation 

for up to 120 minutes. The stretching-induced decrease in force output has been attributed to 

both mechanical (altered muscle stiffness) and neuromuscular (decreased motor unit 

activation) factors. However, there are many disparate findings in the current body of 

literature in this area and numerous limitations in study design and methodology, clouding 

the interpretation gained from the collective body of studies. The optimal preparation for 

force, power and speed production remains to be identified. 
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1.2. Justification 
Traditional wisdom has included some form of stretching as part of the warm-up prior to 

muscular effort in order to prevent injuries, increase range of motion, enhance performance 

and reduce post training soreness (Anderson, 2005; Knapik et al., 1991; Safran et al., 1989; 

Shrier, 2004; Thacker et al., 2004; Worrel et al., 1994). Pre-exercise stretching is pervasive 

throughout sport, fitness training and physical therapy. The inclusion of pre-exercise 

stretching in the warm-up period has been a popular and accepted practice for decades 

(Young and Behm, 2002). 

 

However, there are a number of studies reported in the literature that have examined the 

effect of static stretching on subsequent force production which have demonstrated that 

stretching induces a significant decrement subsequent muscular performance including: 

Maximal force or torque production (Behm et al., 2001; Cornwell et al., 2002; Evetovich et 

al., 2003; Fowles et al., 2000; Kokkonen et al., 1998), power production and vertical jump 

performance (Church et al., 2001; Cornwell et al., 2001; Fry et al., 2003; Young and Behm 

2003; Young and Elliot, 2001), balance, reaction and movement time (Behm et al., 2004; 

Avela et al., 1999; Behm et al., 2001; Fowles et al., 2000; Guissard et al., 1988; 2001; Power 

et al., 2004), and running velocity and speed of movement (Nelson et al., 2006; Fletcher and 

Jones, 2004; Siatras et al., 2003; Noffal et al., 2004). 

 

These stretch-induced impairments have been reported to occur as early as 1-minute post-

stretching (Behm et al., 2004) continuing for 120 minutes after the stretching intervention 

(Power et al., 2004). 

 

The reduction in force and power production after flexibility drills is not limited to static 

stretching. Decreased muscular performance has also been demonstrated after ballistic 
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stretching (Nelson and Kokkonen, 2001), active stretching (Cramer et al., 2004) and PNF 

stretching (Rubini et al. 2005; Marek et al. 2005; Mello and Gomes, 2005).  

 

Performance decrements have been demonstrated with both short and long duration 

stretching. A study by Young and Behm (2003) used three repetitions of 30 second stretches 

for the quadriceps and plantar flexors and found a 15.4% reduction in squat jump 

performance. Fowles et al. (2000) utilized 33 minutes of stretching for the muscles of the 

lower limbs and demonstrated a reduction in plantar flexor strength of 28% 

 

Furthermore, similar stretching-induced decrements in muscular strength capabilities have 

been reported with the use of both static (Fowles et al., 2000), active (Cramer et al., 2004) 

and PNF stretching (Marek et al., 2005) stretching. 

 

Additionally, the stretching-induced decrements in strength and power appear to persist for a 

prolonged period after stretching. Fowles and Sale (1997) and Fowles et al. (2000) measured 

decreases in force production for up to an hour after 20 and 33 minutes of stretching, 

respectively. And in a more recent study by Powers et al. (2004), static stretching impaired 

isometric force production for up to 120 minutes.  

 

Finally, there appears to be no discrimination between genders, age, muscle group in upper or 

lower body or type of muscle action (isometric, concentric or eccentric) tested. 

 

1.3. Disparate Findings in the Literature 
However, not all investigations have found negative effects of stretching on performance. 

Several investigations have failed to find any detrimental effects of stretching on strength and 
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power production (Muir et al., 1999; Mello et al., 2002; Garrison et al., 2002; Bandeira et al., 

2003; Cramer et al., 2004; Behm et al., 2004; Egan et al., 2006; Wallmann et al., 2008; 

Torres, et al., 2008; Taylor et al., 2009; Wong et al. 2010). 

 

Possible explanations for the discrepancy in the literature include: (1) Duration of the 

stretching protocol prior to testing, (2) the training experience of the subjects, and (3) the 

amount of rest allowed between the stretching and the testing (Young, 2007; Rubini, 2007; 

Torres et al. 2008). 

 

Furthermore, the majority of current studies have either investigated only one specific type of 

stretching on one performance test with only several recent papers examining two different 

stretching methods or two related parameters of strength (i.e. sprint and jump performance). 

Due to the necessarily subjective nature of active, passive and partner stretching, some of the 

discrepancy in the literature may be due to the personal application of the stretching protocol 

on the subject. This makes comparisons between studies problematic and drawing practical 

conclusions from the literature difficult. To date, the author not aware of any study that has 

utilized between group comparisons based on gender, using multiple stretching and warm-up 

methods on comparable strength/torque, power, speed and muscular endurance tasks. 

 

The discrepancies in the literature may also be related to the type of muscular contraction 

tested. The effect of flexibility drills on subsequent performance is highly dependent on the 

type of muscular effort being carried out (Young and Behm, 2003). The literature reveals that 

tasks highly reliant on a single muscular contraction to generate force are more negatively 

affected by acute bouts of static stretching (Bacurau et al. 2009; Behm et al, 2001, 2004; 
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Costa et al. 2009; Cramer et al. 2005; Fowles et al. 2000; Power et al. 2004; Siatras et al. 

2008). 

 

However, there are disparate findings in the literature regarding stretch-induced impairments 

on activities that require power. For example, several studies report no effect of static 

stretching on jump performance (Ce et al., 2008; Gonzalez-Rave et al., 2009; Kinser et al., 

2008; Power et al., 2004). Whereas other studies report static stretch–induced impairments in 

vertical jump performance (Bradley et al., 2007; Holt et al., 2008; Hough et al., 2009; 

Robbins and Scheuermann, 2008; Sayers et al. 2008). 

 

Similarly, disparity exists on the acute effect of static stretching on acceleration and running 

speed. There are several recent studies reporting static stretch-induced decrements in sprint 

time (Becket et al., 2009; Chaouachi et al., 2008; Fletcher and Anness, 2007; Sayers et al., 

2008; Winchester et al., 2008). This contrasts with studies showing no effect of static 

stretching on sprint performance (Hayes and Walker, 2007; Taylor et al., 2008; Vetter, 2007; 

Wong et al., 2010). 

 

This indicates that the response of multiarticular, bilateral, power-based activities (i.e., 

jumping and running) to a single bout of static stretching is more variable than uniarticular, 

unilateral strength (i.e., leg extensions) activities. 

 

Another limitation of previous research is that the static stretching protocols investigated are 

often not representative of typical warm-up methods used by athletes in performance or 

fitness settings (Young and Behm, 2003; Taylor et al., 2008). 

 



29 

 

For instance, the total duration of pre-performance static stretching for which negative 

performance effects have occurred range above 90 seconds up to 20–30 minutes per muscle 

group (Behm and Young, 2003; Kokkonen et al., 1998; Behm et al., 2001; Fowles et al., 

2000). However, in preparation for competition or fitness training, typical stretch routines 

generally only last for 6–20 seconds per muscle group, with 2–3 repeats.  

 

Furthermore, performance testing is typically conducted immediately after stretching 

protocol, while in practice, further dynamic warm-up activities (i.e., game-related drills, run 

throughs, warm-up sets etc.) are often performed following stretching.  

 

This point is important, since dynamic activities performed after stretching may attenuate any 

decrease in force and power development (Sim et al., 2009; Taylor et al., 2008; Wong et al., 

2010). Therefore, the order of dynamic activities and static stretching in warm-ups needs 

further investigation to determine optimal strength/power-based activity preparation. 

 

Related to this, variables associated with stretching are often examined in research studies in 

isolation. Since stretching can be performed with prior sports specific drill rehearsal or 

subsequent movement specific activities, the interaction of these different variables must be 

examined to ensure that stretching induced detriments to performance do exist in more 

natural settings. 

 

1.4. Summary of the Limitations in the Literature 
To summarize, there are several major identifiable limitations in the literature that have 

potentially resulted in the disparate findings of the collective body of studies and thus leave 
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coaches and trainers with practical recommendations that are confused, conflicted and 

unclear. These include: 

 

(1) Excessive stretching duration, which may not reflect common practices in sport. Indeed, 

several recently published papers report surveys of North American strength and conditioning 

coaches from a variety of sports and showed average stretch repetition durations of 12 

seconds, 14.5 seconds, 17 seconds and 18 seconds for baseball, basketball, hockey and 

football, respectively. These durations are considerably less than those that have been 

traditionally used in the body of literature addressing the effect of flexibility of muscular 

performance (Ebben et al., 2005; Simez et al., 2005; Ebben et al., 2004; Ebben and Blackard, 

2001; Taylor et al., 2008).  

 

Numerous studies that report reduced force production were conducted under unrealistic 

conditions, where subjects performed over 30 minutes of stretching on a single muscle group 

(Fowles et al., 2000; Avela et al. 1999; 2004; Mello and Gnomes, 2005). The only athletes 

that might stretch for this extended period of time would be gymnasts, dancers or 

contortionists in the circus. This makes the applicability of studies like this questionable, 

especially for strength and power athletes and regular fitness enthusiasts who would typically 

stretch each individual muscle for between 30-90 seconds prior to cardiovascular or 

resistance training.  

 

(2) Sample size has generally been limited in this area of research. The smallest study in the 

literature included only 8 subjects (Avela et al., 2004; Mello and Gomes, 2005) and the 

largest, 55 subjects (Nelson et al., 2001). The later study is not typical of the body of data, 

where the average is less than 20 subjects (Rubini, 2007). An area of further research, 
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therefore, is to include a larger subject cohort which will hopefully enhance the explanatory 

power of the data based on statistical criteria. 

 

(3) Limited use of varied stretching methods and/or maximum tension static or PNF 

stretching. Behm et al. (2008) found performance differences when subsequent static 

stretching was conducted to the point of discomfort or prior to that point. 

 

(4) Paucity of investigations into combined stretching, alternative stretching methods or the 

use of specific warm-up sets. 

 

(5) Lack of multivariate statistical analysis utilized to identify more complex treatment 

effects. 

 

(6) Lack of between group comparisons of several stretching methods on comparable strength 

tasks or other tasks such as power, speed and muscular endurance, as well as gender 

differences. 

 

(7) Multivariate approaches that examine the influence of stretching simultaneously across 

strength, power, speed and muscular endurance to assess overall effects on human movement.  

 

1.5. Examination of a Warm-up 

Although the warm-up is the most widely accepted practice preceding nearly every athletic 

event and fitness-based activities (Bishop, 2003), definitive research advice on what to 

include in the warm-up in lacking.  
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Various methods of stretching, including static, PNF and variations of active/dynamic 

stretching have been typically performed as a standard part of the warm-up regime for 

decades (Bishop, 2003). 

 

It must be noted that stretching is not a warm up by itself, but rather a mode of increasing 

range of motion prior to muscular effort. Thus, if stretching is to be included in the 

preparatory activities, a specific warm up should also be conducted prior to the main work 

sets or activity. 

 

Saliently, it is here that the most important component of the warm-up sequence has 

generally been overlooked in the literature to date; specific warm-up activities that are 

commonly included in virtually all sports and fitness training warm-up routines.  

 

Taylor et al. (2008) and Young and Behm (2003) have investigated the effect of specific 

rehearsal of the test activity subsequent to a bout of static stretching. Taylor et al. (2008) 

found that a dynamic warm-up routine was superior to static stretching when preparing for 

muscular performance that required power; however, the differences were eliminated if the 

static stretching was followed by a moderate to high intensity sport specific skill warm-up.  

 

Young and Behm (2003) had subjects perform one of five treatments: (1) stretch, (2) run for 

four minutes, (3) stretch and run, (4) stretch, run and practice jumps, or (5) do nothing. The 

testing protocol measured concentric jump and drop jump performance. The best 

performances were achieved with the run only. The worst performances were the stretch 

only. There were no significant changes with the stretch and run or run, stretch and practice 

jumps. The data indicates that running to warm-up the muscles was a positive action and 
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stretching was a negative action. Thus, anytime stretching was added to possible positive 

actions, the stretching reduced the positive effects of the other action (i.e. running or 

jumping).  

 

Unfortunately, a limitation of this study was that it did not have a group perform running and 

jumping only, which may have been two positive actions prior to performance. Nonetheless, 

the results of this study indicate that an optimal warm-up would include general dynamic 

activity to increase the temperature of the working muscles followed with activities specific 

to the sport. The authors suggested that rehearsal of the skill to be performed may have had 

an effect of “opening up” the specific neural pathways, facilitating motor unit activation, and 

therefore assisting to improve explosive performance. Further research that explores several 

modes of stretching with varying degrees of specificity on motor performance is needed to 

expand on the findings of Young and Behm (2003). 

 

Another issue that has not been adequately addressed in the literature involves the method 

and intensity of the stretching utilized (Rubini, 2007; Young, 2007). The majority of current 

studies utilized maximum tension static stretching or neuromuscular stretching, namely PNF. 

Potentially less intense stretching or a different method of stretching (such as active isolated 

or dynamic/mobility stretching) might provide an increased range of motion without the 

detrimental effects. No studies to date have incorporated stretching protocols other than 

static, PNF or dynamic/ballistic in the treatment procedures. 

 

Indeed, dynamic stretching appears to avoid the negative effects that both static and PNF 

stretching confers on performance. A study by Yamaguchi and Ishii (2005) compared the 

effects of static or dynamic stretches on five muscle groups in the lower limb for only 30 
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seconds prior to testing leg extension power. The dynamic stretching group produced 

significantly greater (11.5%) production of leg extension power than static stretching. 

 

Interestingly, despite the wide spread use of specific warm up sets prior to maximal strength 

training, we are aware of only one study date has addressed the effect of warm up sets alone 

on muscular performance (Vetter, 2007).  

 

Additionally, there appears to be no studies that have utilized the performance of warm-ups 

sets between the period of stretching and the testing protocol. Fowles et al. (2000) and 

Powers et al. (2005) have demonstrated that the muscle’s diminished force producing abilities 

after stretching persist up to 60 and 120 minutes, respectively. Interestingly, both studies 

incorporated maximal testing procedures when measuring force. This, however, has little 

implication for exercise participants because static stretching is rarely followed immediately 

by the performance of maximal strength training without the utilization of preparatory sets. 

Indeed, Young and Behm (2003) suggest that the optimal warm-up includes dynamic activity 

followed by the submaximal rehearsal of the movement about to be performed. Therefore, an 

area for research to address is the effect of warm-up sets performed after stretching on 

subsequent muscular performance. 

 

One investigation that addresses a similar issue is the potentiation study by Bazett-Jones et al. 

(2005). The researchers compared 10 minutes of quiet sitting, with 30-minutes of lower-body 

stretching protocol, with three sets of a leg press exercise using 90% of the subjects 

previously determined one repetition maximum. The authors found that the potentiation 

protocol they used reduced strength performance and that it actually had fatiguing effects 

instead of a potentiating effect.  
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Based on the findings of Bazett-Jones et al. (2005), the area to investigate is the effect of 

lighter loads (between 40-90% of 1 repetition maximum) on force production and whether 

stretching prior to the use of the lighter loads has any effect, either positive or negative. 

 

1.6. Summary 
In summary, when assessing the literature, it is frequently difficult to make comparisons 

between studies. There are many factors that may interfere with the interpretation of a body 

of literature which may be related to gender issues (far fewer female subjects), the lack of 

randomization, and tester blinding, inter-tester reliability and hydration status of subjects 

(Behm and Chaouachi, 2011). Thus, there is a need for further research with a study design 

that examines the influence of varied stretching methods across comparable strength, speed, 

power and muscular endurance measures, utilizing different genders. 

 

Additionally, comparing uniarticular (i.e. plantar flexion or knee extension) tests of 

strength/power to multiarticular (i.e. squat or jumping performance) where various muscle 

groups can have differing levels of contribution to overall movement can obscure 

comparisons. Furthermore, not all jumping activities involve similar range and speed of 

movement. Although squat jumps and drop jumps are both jumps, they differ dramatically in 

the stretch shortening cycle characteristics and may be affected differently by stretching. 

 

Testing immediately after a stretching routine or performing static stretching in isolation 

without aerobic or dynamic-type exercise does not specifically mimic the typical warm-up 

routine of athletes and fitness trainees. As mentioned previously, using subjective perceptions 

of stretch intensity leads to difficulty in ascertaining the effect of stretch intensity on 
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performance. The difference between dynamic stretches and dynamic activities is not well 

defined in many studies and thus it is not known if it is necessary to move the joint through a 

full range of motion with dynamic activities to achieve significant increases in range of 

motion.  

 

1.7. Conclusion 
To conclude, it is proposed that future research designs addressing the influence of different 

types of stretching and warm-up protocols in the development of strength/ torque, power, 

speed and endurance to develop more definitive results should: (1) Increase sample sizes, 

with increased treatment groups utilizing different warm-up strategies and different genders 

(gender specific effects);  and (2) Combined with more comprehensive statistical analyses 

than has been traditionally used to address the more complex interactions and overall 

treatment influences, such as MANOVA, ANCOVA and discriminant analysis.   

 

The current study has been designed and conducted to address some of the limitations in the 

research designs with the intention of identifying the optimal preparation for force, power and 

speed production. Based on the limitations of the current body of literature, future research is 

justified to address the effect of (1) varied methods of stretching (static, active, 

neuromuscular, dynamic) on muscular performance; (2) warm-up sets on muscular 

performance; and (3) combined PNF stretching and warm-ups sets on muscular performance. 
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CHAPTER TWO: REVIEW OF THE LITERATURE 

 

2.1 Abstract 
There are a plethora of early studies demonstrating performance impairments after certain 

flexibility exercises, most notable static and proprioceptive neuromuscular facilitation (PNF) 

stretching. Dynamic stretching appears to be the exception, with numerous studies showing 

either no effect or facilitation of performance, especially during movements requiring power. 

More recently, however, there are a growing number of investigations showing no 

detrimental effects associated with prior static stretching. The lack of impairment may be 

related to a several factors. These include short duration static stretching (less than 90 

seconds total per muscle group) and utilizing a submaximal stretch intensity (less than to the 

point of discomfort). Other factors include the type of performance test measured and the 

training experience of the participant group, such as an elite athletic, university age or trained 

middle aged population.  

 

In some instances, static stretching may actually provide benefits to performance, such as 

during slower velocity eccentric actions, and contractions of a more prolonged duration or 

stretch-shortening cycle. In contrast, dynamic stretching has been repeatedly shown to either 

have no effect or may augment subsequent performance, especially if the duration of the 

dynamic stretching is prolonged. 

 

The available evidence suggests that a warm-up designed to enhance subsequent performance 

should be composed of a submaximal intensity aerobic activity followed by large amplitude, 

long duration dynamic stretching and then completed with sport-specific skill rehearsal. 

Sports that necessitate a high degree of static flexibility should use short duration static 
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stretches (less than 30 seconds per muscle group) with lower intensity stretches (less than to 

the point of discomfort) in a trained population to minimize the possibilities of impairments. 

 

2.2. Introduction 
There has been a considerable amount of research published in the last two decades 

demonstrating that sustained static stretching cause impairs subsequent muscular effort 

(Behm et al., 2001, 2004, 2006; Behm and Kibele, 2007; Fowles et al., 2000; Kokkonen et 

al., 1998; Nelson et al., 2001a, b; Power et al., 2004). Measurements of muscular effort have 

included laboratory-based physiological strength measures, such as maximal voluntary 

contraction isometric force and isokinetic torque, training-related strength measures, such as 

one repetition maximum lifts, power-related performance measures such as vertical jump, 

sprint, running economy, agility, balance, and sport specific indices of athletic performance. 

 

However, disparity exists in the warm-up literature reporting stretch-induced impairments in 

force production. One of the first studies conducted in this area was by Worrell et al. (1994) 

(122 citations Google Scholar, March, 2011), who reported an enhancement in hamstring 

concentric and eccentric torque following four hamstrings stretches of 15–20 seconds each. 

Conversely, another early study which has been highly cited by Kokkonen et al. (1998) (254 

citations Google Scholar, March 2011), found the opposite. The group reported a 7–8% 

decrease in knee flexion and extension force following six repetitions of five different lower 

limb stretches of 15-seconds each.  

 

Several years later, influential papers were published by Fowles et al. (2000) (290 citations 

Google Scholar, March 2011) and Behm et al. (2001) (179 citations Google Scholar, March 

2011) that added to the growing number of published studies investigating the effects of static 
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stretching on subsequent performance. The Fowles et al. (2000) study included thirteen 

plantar flexors static stretches of 135 seconds resulting in approximately thirty minutes of 

plantar flexor stretching. The result of this prolonged duration of stretching was a 28% 

decrease in plantar flexion maximum voluntary contraction force immediately after the 

stretching protocol, with a continued 9% impairment after 60 minutes. More recently, Costa 

et al. (2010), using a similar duration of stretching with nine repetitions of 135 seconds of 

plantar flexor passive static stretch with 5–10 seconds rest between stretches, found a similar 

decrease in peak twitch force and rate of force development as well as an increase in the 

electromechanical delay.  

 

Subsequently, Behm et al. (2001) found that reducing the volume of static stretching to 20 

minutes of stretching on the quadriceps resulted in decrements of 12, 20 and 12% for 

maximal voluntary contraction force (MVC), electromyography (EMG) activity and evoked 

twitch force respectively. 

 

Beginning with the Worrell et al. (1994) study published 17 years ago to the present day, the 

understanding of the benefits of static stretching in a warm-up has changed dramatically 

(Young, 2010). There are numerous studies demonstrating static stretching induced 

impairments to subsequent muscular performance. There are more published studies 

reporting significant impairments in strength/force, power and jump height performance as 

compared to no significant change or improved performance. 

 

Somewhat conflictingly, while many of the early studies report that static stretching 

predominantly leads to performance deficits, there are a number of more recently published 

investigations, utilizing warm-ups that reflect common practice in sport and fitness settings, 
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that demonstrate static stretching has no significant effect or can improve performance. For 

example, several studies have shown that static stretching does not lead to such pervasive 

negative effects with sprinting and running activities.  

 

This literature review attempts to examine the acute effects of stretching type (static, PNF, 

dynamic), duration, and intensity on various indices of muscular effort, and further, to 

evaluate the influence of gender, training experience and the confluence of dynamic, sports-

specific movements. 

 

2.3. Search Strategy 
This chapter reviews the relevant literature that has examined the effect of stretching on 

strength, power and movement velocity. The research literature was obtained from extensive 

searches conducted on several databases, including PubMed (1985–2018), Google Scholar 

(1985–2018), AUSPORT (1985-2018), ScienceDirect (1985-2018) and SPORTDiscus 

(1985–2018). These databases were selected as they contain extensive relevant literature in 

the areas of sports science. The database searches used the following keywords individually 

or combined: ‘static stretching’, ‘dynamic stretching’, ‘active stretching’, ‘ballistic 

stretching’, ‘proprioceptive neuromuscular facilitation stretching’, ‘PNF’, ‘prior exercise’, 

‘flexibility’, ‘stretch’, ‘stretching’, ‘range of movement’, ‘range of motion’, ‘training’, 

‘injury’, ‘warming-up’ and ‘warm-up’. These keywords were then combined with ‘force’, 

‘torque’, ‘speed’, ‘power’, ‘endurance’, ‘velocity’, ‘resistance exercise’, ‘resistance training’, 

‘strength training’, ‘performance’ and/or ‘acute effects’ or ‘chronic effects’ to locate relevant 

research related to the topic. All studies retrieved were in English and all relevant studies 

related to the acute effects of stretching on muscular performance. 
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2.4. Inclusion Criteria and Study Selection 
The methodological design of the literature review included a set of criteria that was adhered 

to from which only relevant studies were selected. Studies were included in the review if they 

fulfilled the following selection criteria. (1) The study contained research questions regarding 

the effect of static, proprioceptive neuromuscular facilitation (PNF), dynamic and active 

stretching or sport/movement specific warm-ups as the experimental variable(s) on 

performance and used (2) healthy and active male and/or female human subjects. (3) The 

measured outcome(s) was an index of muscular and/or biomechanical performance, such as, 

maximal voluntary isometric force, isokinetic torque, one repetition maximum, sprint ability, 

vertical jump, running economy, agility, balance, sports specific tests and other measures. (4) 

Only studies from 1985 to June 2018 were reviewed. Studies published prior to 1985 were 

read and considered but ultimately excluded from assessment thus limiting the literature 

review to the more recently conducted studies, which reflect modern flexibility and warm-up 

practices. (5) The study must have been written in the English language and published as an 

article in a peer-reviewed journal or conference proceeding; any abstracts or unpublished 

studies were excluded from the literature review.  

 

Studies were also examined with respect to their internal validity. Literature was selected if it 

included; (1) a control group, (2) randomized control, and (3) instruments with high 

reliability and validity (Campbell and Stanley, 1966; Cook and Campbell, 1979).  

 

Several studies included effect size values, which have been noted where appropriate in the 

literature review. Jacob Cohen (1988) has defined an effect size as a standardized value that 

permits the determination of the magnitude of the differences between the groups or 
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experimental conditions. Cohen assigned descriptors to the effect sizes such that effect sizes 

less than 0.4 represented a small magnitude of change while 0.41–0.7 and greater than 0.7 

represented moderate and large magnitudes of change, respectively. Hopkins (1999) has 

extended Cohen's scale to effects of any magnitude, and has made adjustments to his scale, 

such that anything greater than 0.5 is large, 0.5-0.3 is moderate, 0.3-0.1 is small, and anything 

smaller than 0.1 is insubstantial, trivial, or inconsequential. His corresponding thresholds for 

standardized differences in means are 0.8, 0.5 and 0.2.  

 

2.5. Acute Effects of Stretching on Isotonic, Isometric and Isokinetic Strength  
There have been numerous studies that address the acute effect of a stretching routine on 

strength performance (Behm et al., 2001; Church et al., 2001; Cornwell et al., 2001; Cornwell 

et al., 2002; Evetovich et al., 2003; Faigenbaum et al., 2005; Fowles et al., 2000; Fry et al., 

2003; Kokkonen et al., 1998; Noffal et al., 2004; Wallmann et al, 2005; Young and Behm 

2003; Young and Elliot 2001). Disparity in the research findings exist in the literature, 

primarily due to the duration and method of stretching used prior to strength testing, the 

training experience of the subjects and the amount of rest allowed between the stretching 

treatment and the testing protocols (Rubini et al., 2007; Young 2007). Studies have employed 

various total stretching durations from 30 seconds to 60 minutes. The majority of 

investigations found that flexibility exercises prior to strength testing significantly decreased 

performance (Behm et al., 2001; Church et al., 2001; Cornwell et al., 2001; Cornwell et al., 

2002; Evetovich et al., 2003; Fletcher and Jones, 2004; Fowles et al., 2000; Fowles and Sale, 

1997; Fry et al., 2003; Kokkonen et al., 1998; Marek et al., 2004; Nelson et al., 2006; Noffal 

et al., 2004; Siatras et al., 2003; Young and Behm 2003; Young and Elliot, 2001).  
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2.6. Effect of Stretching Type on Muscular Performance 
In the majority of studies, stretching type does not appear to differentially impact the 

decrement in force as the reduction in strength was consistent whether the stretching 

methodology was static, ballistic or PNF. 

 

Static stretching has received the most research attention. Reduction in strength performance 

after static stretching has been demonstrated in studies by Kokkonen et al. (1998), Avela et 

al. (1999), Fowles et al. (2000), Behm et al. (2001), Nelson et al. (2001), Nelson et al. (2001), 

Tricoli et al. (2003), Evetovich et al. (2003), Avela et al. (2004), Cramer et al. (2004), Power 

et al. (2004), Nelson et al. (2005), Cramer et al. (2005), Derek et al. (2005), Behm et al. 

(2006), Brandenburg (2006) and Yamaguchi et al. (2006). 

 

Studies utilizing neuromuscular stretching (i.e. proprioceptive neuromuscular facilitation or 

PNF) have demonstrated a reduction in subsequent strength performance (Rubini et al. 2005; 

Marek et al. 2005; Mello and Gomes, 2005). Nelson and Kokkonen (2001) have published 

similar findings using ballistic stretching. 

 

2.7. Effect of Static Stretching on Isotonic Strength 
Research has demonstrated that static stretching has a negative effect on isotonic strength, 

utilizing one repetition maximum (1RM) testing. Nelson et al. (2001) demonstrated a 3.2% 

decrease in knee extension 1RM and a 5.5% reduction in knee flexion 1RM after 20 minutes 

of static stretching. With less stretching duration, Kokkonen et al. (1998) found an 8.1% 

decrease in knee extension 1RM and a 7.3% reduction in knee flexion 1RM after 7.5 minutes 

of static stretching. And Tricoli and Paulo (2003) found a 13.8% reduction in knee extension 

and flexion 1RM with 9 minutes of static stretching. 
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2.8. Effect of Static Stretching on Isokinetic Strength 
Several studies have similarly found that static stretching impairs isokinetic strength when 

testing peak torque. Cramer et al. (2004) found a 3.3% reduction in quadriceps peak torque 

(PT) at 60°/second and 2.6% at 240°/second after 8 minutes of static stretching. Mello and 

Gomes (2005) showed a 9.9% decrease in knee flexion strength and a 2.3% reduction in knee 

extension strength after 6 minutes of static stretching. Marek et al. (2005) found a 2.8% 

reduction in knee extension strength after 2 minutes of static and PNF stretching. Nelson et 

al. (2001) revealed a 7.2% reduction in quadriceps PT at 60°/second and 4.5% at 90°/second 

after 6 minutes of static stretching. Evetovich et al. (2003) showed a decrease in biceps 

brachii PT at 30°/second and 270°/second after 6 minutes of static stretching. Finally, 

Bandeira et al (2003) demonstrated a decrease in hip flexor strength after 90 seconds of static 

stretching at 60°/second. 

 

Cramer et al. (2004) examined the effects of static stretching for 8 minutes on concentric, 

isokinetic leg extension peak torque at 60°/second and 240°/second in the stretched and un-

stretched limbs. The peak torque of the dominant (stretched) and non-dominant (un-stretched) 

leg extensors were measured on a calibrated Cybex 6000 dynamometer. Following pre-

stretching peak torque assessments, the dominant leg extensors were stretched using one 

active and three passive stretching exercises. After the stretching peak torque was reassessed.  

The results of the statistical analyses indicated that peak torque decreased by 3.3% in 

quadriceps peak torque (PT) at 60°/second and 2.6% at 240°/second after 8 minutes of static 

stretching. 

 

Mello and Gomes (2005) investigated the acute effect of static and PNF stretching on flexion 

and extension strength of the dominant knee in seventeen women. 
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Subjects participated in two adaptation sessions and three randomly assigned test visits, 

which included; a) a sit and reach test, six stretching exercises for quadriceps and hamstrings 

muscles (total 6 minutes a session) with either static or PNF methods, another sit and reach 

test, and an isokinetic strength test; or b) a control condition with sit and reach testing and 

isokinetic strength test only.  

 

Stretching exercises were passive and held for 30 seconds for the static stretching 

intervention or 10 second blocks (contract-relax PNF). Flexion and extension strength of the 

dominant knee were measured at 60°/second on an isokinetic dynamometer.  

 

The authors found a 9.9% decrease in knee flexion strength and a 2.3% reduction in knee 

extension strength after static stretching, and an 11.4% decrease in knee flexion strength and 

a 4.8% reduction in knee extension strength after PNF stretching. 

 

Marek et al. (2005) examined the short-term effects of static and PNF stretching on peak 

Torque and mean power output of the vastus lateralis and rectus femoris muscles during 

voluntary maximal concentric isokinetic leg extensions at 60°/second and 300°/second in ten 

female and nine male healthy and recreationally active subjects. 

 

The intervention involved four static or PNF stretching exercises to stretch the leg extensor 

muscles of the dominant limb during two separate, randomly ordered laboratory visits.  

 

The authors found a 2.8% reduction in knee extension strength and a 3.2% reduction in mean 

power output after 2 minutes of static and PNF stretching.  
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Nelson et al. (2001) examined the effect of an acute stretching regimen on maximal isokinetic 

knee-extension torque at five specific movement velocities in ten men and five women.  

Each subject’s five baseline maximal isokinetic knee-extension torques in the dominant leg 

was measured on a Cybex HUMAC-NORM dynamometer. Following the baseline torque 

measurements, the participants stretched the dominant quadriceps for fifteen minutes using 

one active and three passive stretching exercises. Once the stretching exercises were 

completed, the maximal torque measurements were repeated.  

 

Nelson et al. (2001) found a 7.2% reduction in quadriceps peak torque at 60°/second and 

4.5% at 90°/second after 6 minutes of static stretching, however peak torque at higher 

velocities remained unaltered.  

 

Evetovich et al. (2003) examined the effect of an acute static stretching bout of the biceps 

brachii on peak torque during concentric isokinetic muscle actions in eighteen adult subjects.  

Subjects were randomly assigned to stretching or non-stretching protocols before performing 

maximal isokinetic forearm flexion strength testing at 30°/second and 270°/second. The 

stretching protocol consisted of three different forearm flexor stretches, each held for 30 

seconds, repeated four times for both arms. Evetovich et al. (2003) showed a decrease in 

biceps brachii peak torque at 30°/second and 270°/second after 6 minutes of static stretching.  

 

2.9. Effect of Static Stretching on Isometric Strength 
Isometric strength, tested by peak torque and maximum voluntary contraction (maximal 

voluntary contraction) has also been shown to be detrimentally affected by static stretching. 

Avela et al. (1999) found that 60 minutes of static stretching on the plantar flexors reduced 

maximal voluntary contraction by 23.2%. Similarly, Fowles et al. (2000) found a 28% 
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reduction in plantar flexor maximal voluntary contraction after 30 minutes of static 

stretching. Nelson et al (2001) showed a 7.2% reduction in quadriceps peak torque at 162° 

after 4 minutes of static stretching. Another study by Avela et al. (2004) found 60 minutes of 

plantar flexor stretching reduced maximal voluntary contraction by 13.8%. Rubini et al. 

(2005) showed that the hip adductor strength decreased 8.9% at 45° and 10.4% at 30° after 2 

minutes of static stretching. Power et al (2004) showed that 13.5 minutes of static stretching 

of the quadriceps reduced maximal voluntary contraction by 9.5%. 

 

Derek et al. (2005) showed a 7% reduction in plantar flexor maximal voluntary contraction 

after 10 minutes of static stretching. Brandenburg et al (2006) showed that hamstring strength 

was impaired 15% after 90 seconds of static stretching and 30% after 3 minutes. Finally, 

Yamaguchi et al. (2006) showed that 12 minutes of static stretching reduced quadriceps 

strength at 5% maximal voluntary contraction, 30% maximal voluntary contraction and 60% 

maximal voluntary contraction. 

 

A series of studies by Behm et al. (2006) have demonstrated consistent findings. Behm et al. 

(2006) demonstrated an 8.2% reduction in quadriceps maximal voluntary contraction after 

4.5 minutes of static stretching. In a separate study from the same investigation, Behm et al. 

(2006) found a 6.5% reduction in quadriceps maximal voluntary contraction after 4.5 minutes 

of static stretching. Finally, Behm et al. (2001) showed a 12% decrease in quadriceps 

maximal voluntary contraction after 20 minutes of static stretching.  

 

In conclusion, it appears that regardless of testing protocol, the literature reveals similar 

decreases in isometric strength production of the lower limbs, ranging from 4.5% to 28% 

after static stretching. 
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Avela et al. (1999) examined the effect of prolonged and repeated passive static stretching for 

60 minutes of the triceps surae muscle on reflex sensitivity in twenty subjects. The results 

demonstrated a clear deterioration of muscle function immediately after the static stretching. 

Maximal voluntary contraction decreased by 23.2%, average electromyographic activity of 

the gastrocnemius and soleus muscles decreased by 19.9% and 16.5%, respectively, and zero 

crossing rate of the soleus muscle (recorded from 50% maximal voluntary contraction) 

decreased on average by 12.2% 

 

Fowles et al. (2000) assessed the strength performance after an acute bout of maximally 

tolerable passive stretch in ten adult subjects. Participants underwent 33 minutes of cyclical 

static stretching, comprising of thirteen stretches of 135 seconds each over 33 minutes and a 

similar control period of no stretch of the ankle plantar flexors.  

 

Measures of isometric strength (maximal voluntary contraction) were assessed before, 

immediately after, and at 5, 15, 30, 45, and 60 minutes after maximal static stretching or 

control. Compared with the pre-testing data, static stretching resulted in the maximal 

voluntary contraction decreasing at post-testing data by 28% and at 5 minutes by 21%, 15 

minutes by 13%, 30 minutes by 12%, 45 minutes by 10%, and 60 minutes by 9%.  

 

 

Avela et al. (2004) examined the effect of static stretching of the gastrocnemius and soleus 

muscles on maximal force production. Eight subjects had their plantar flexors stretched 

passively on an ankle ergometer for 60 minutes. Measurements included maximal voluntary 

isometric plantar flexion torque at 90° ankle joint angle and muscle contractions of 10 and 
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50% of maximal voluntary contraction at 90° ankle joint angle. The authors found that the 

maximal voluntary contraction of the gastrocnemius and soleus muscles decreased by 13.8% 

after 60 minutes of passive stretching.  

 

Rubini et al. (2005) examined the acute effect of static and PNF stretching on the dominant 

hip adductor isometric strength in eighteen males. Subjects participate in two adaptation 

sessions and three randomly assigned test visits involving; 1) flexibility measures before and 

after static stretching followed by an isometric strength test; 2) flexibility measures before 

and after PNF stretching, followed by the isometric strength test; and 3) control group with 

isometric strength test with no previous stretching.  

 

The static stretching exercises were passive and held for four sets of 30 seconds and the PNF 

stretching protocol consisted of four 10 seconds blocks (contract-relax PNF). Hip adductor 

isometric strength was measured on an isokinetic/isometric dynamometer. Peak torque was 

determined on three different angles (45°, 30° and 15°). Rubini et al. (2005) showed that the 

hip adductor strength decreased 8.9% at 45° and 10.4% at 30° after 2 minutes of static or 

PNF stretching.  

 

Power et al (2004) examined the influence of a static stretching routine on isometric force, 

muscle activation, and jump power in twelve participants. Subjects were pre-tested and at 30-

minute increments post-test at 30, 60, 90, and 120 minutes after static stretching of the 

quadriceps and plantar flexors or a similar period of no stretch (control). Measurements 

during isometric contractions included maximal voluntary force, evoked contractile 

properties (peak twitch and tetanus), surface integrated electromyographic activity of the 

agonist and antagonistic muscle groups, and muscle inactivation as measured by the 
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interpolated twitch technique. Vertical jump measurements included unilateral concentric-

only (no countermovement) jump height, as well as drop jump height and contact time.  

 

The authors found that 13.5 minutes of static stretching of the quadriceps reduced maximal 

voluntary force by 9.5%. Furthermore, force remained significantly decreased for 120 

minutes (10.4%), paralleling significant percentage increases (6%) in sit and reach range of 

motion (120 min). This study did not find any significant changes in jump performance after 

static stretching. 

 

Derek et al. (2005) investigated the effect of acute passive stretching on maximal isometric 

voluntary contraction of the plantar flexors in fifteen female subjects. The stretching protocol 

included ten minutes of static stretching (5 x 120 seconds) by a torque motor to within 2° of 

maximum dorsiflexion range of motion. Maximal isometric voluntary contraction was 

recorded at 20° of dorsiflexion (post-test 1). All tests were assessed pre- and post-acute 

passive stretching. Maximal isometric voluntary contraction was again assessed after 

additional stretch was applied at 26° dorsiflexion (post-test 2) to test if the optimal angle had 

been altered. The results of this study demonstrated a 27% decrease in mean peak passive 

torque. Maximal isometric voluntary contraction was 7% lower at post-test 1. At post-test 2 

maximal isometric voluntary contractions recovered to pre-acute passive stretching values. 

 

Brandenburg et al (2006) compared the effect of varying the duration of static stretching on 

muscle performance. Sixteen male and female subjects received two familiarization sessions 

and then participated in two randomly ordered experimental sessions. In each session 

maximal effort hamstring performance was assessed prior to, and immediately after one of 

two stretching protocols.  
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During one of the protocols participants were required to hold each stretch for 15 seconds 

while stretch duration in the second protocol was thirty seconds. Both protocols consisted of 

three repetitions of two stretching exercises. A Kincom isokinetic dynamometer was used to 

assess hamstring performance during isometric, concentric, and eccentric actions. 

Brandenburg et al (2006) showed that hamstring strength was impaired 15% after 90 seconds 

of static stretching and 30% after 3 minutes.  

 

Yamaguchi et al. (2006) examined the effect of static stretching on muscular performance 

during concentric isotonic muscle actions under various loads in twelve healthy male 

subjects. Subjects were assessed for concentric isotonic leg extension power outputs after two 

types of pre-treatment. The pre-treatment’s included; (1) static stretching treatment 

performing six types of static stretching of the leg extensors (4 sets of 30 seconds each with 

20 second rest periods; total duration 20 minutes) and (2) non-stretching treatment by resting 

for 20 minutes in a sitting position. Loads during assessment of the power output were set to 

5, 30, and 60% of the maximum voluntary contractile torque with isometric leg extension in 

each subject. Yamaguchi et al. (2006) showed that 12 minutes of static stretching reduced 

quadriceps strength at 5% maximal voluntary contraction, 30% maximal voluntary 

contraction and 60% maximal voluntary contraction. 

 

Behm et al. (2006) performed a study to determine the relationship between an individual's 

increase in joint range of motion via stretching and the acute stretching-induced changes in 

force production in eighteen subjects. The stretching protocol included three repeats of thirty 

seconds of static stretching followed by thirty seconds of recovery. Interventions for both legs 

included a series of stretches for the quadriceps, hamstrings, gastrocnemius and soleus. 
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The authors found that an acute bout of stretching elicited an 8.2% impairment in knee 

extension maximal voluntary isometric contraction force, a 6.6% reduction in knee flexion 

maximal voluntary isometric contraction force, a 7.4% reduction in drop jump contact time 

and a 5.7% reduction in countermovement jump height. The authors found no significant 

changes in drop jump height. 

 

Behm et al. (2006) performed a correlation study with eighteen participants, published with 

the above study. Subjects stretched their quadriceps, hamstrings and plantar flexors three 

times each for thirty seconds with thirty seconds recovery. Subjects were tested pre and post 

stretch for range of motion, knee extension maximum voluntary isometric contraction force 

and drop jump measures. Behm et al. (2006) found a 6.5% reduction in isometric force output 

of the knee extensors and contact time in the drop jump increased by 5.4%. The study found 

no significant changes in drop jump height. 

 

Behm et al. (2001) investigated the amount of force loss occurring after prolonged, static, 

passive stretching. Eighteen subjects were tested for before and five to ten minutes following 

twenty minutes of static, passive stretching of the quadriceps or a similar period of no stretch.  

Testing measurements included isometric maximal voluntary contraction force, surface 

integrated electromyographic activity of the quadriceps and hamstrings, evoked contractile 

properties (twitch and tetanic force), and quadriceps inactivation as measured by the 

interpolated twitch technique.  

 

Behm et al. (2001) found that stretching caused a significant 12% decrement in isometric 

maximal voluntary contraction force with no significant changes in the control group. Muscle 
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inactivation as measured by the interpolated twitch technique and surface integrated 

electromyographic activity increased by 2.8% and 20.2%, respectively. While twitch forces 

significantly decreased 11.7%, there was no change in tetanic force post-stretch.  

 

2.10. Effect of Stretching on the Upper Body 
Of note, nearly all studies on the current body of literature have focused on the effects of 

stretching on lower-body strength performance. To date, only Evetovich et al. (2003), Noffal 

et al. (2004), Knudson et al. (2004), Torres et al. (2008) and Molacek et al. (2010) have 

investigated the effects of stretching on upper-body neuromuscular performance. With such a 

paucity of studies focused primarily upon the upper body, much more research is needed to 

clarify the conditions in which stretching may or may not influence upper body performance.  

 

The literature tends to indicate that different types of contractions are influenced by static 

stretch to differing degrees. Comparing both low (40 seconds) and high (150 seconds) 

volumes of static stretching, Molacek et al. (2010) did not find any significant change in 1 

RM bench press. Similarly, Torres et al. (2008) reported no effect of static stretching on 

isometric bench press or bench press throws while Wilson et al. (1992) found a 5% increase 

in rebound bench press following 8 weeks of flexibility training. Furthermore, Cramer et al. 

(2006) reported no effect of static stretching on isokinetic eccentric contractions.  

 

Evetovich et al. (2003) examined the effect of an acute static stretching bout of the biceps 

brachii on torque, electromyography, and mechanomyography (MMG) during concentric 

isokinetic muscle actions in eighteen men and women. 
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Subjects performed maximal isokinetic forearm flexion strength testing at 30°/second and 

270°/second on two occasions while electromyography and mechanomyography were 

recorded. Subjects were randomly assigned to stretching or non-stretching protocols before 

strength testing.  

 

Evetovich et al. (2003) demonstrated that stretching significantly reduced the biceps brachii 

ability to produce torque at 30°/second and 270°/second. Additionally, mechanomyography 

significantly increased when the biceps brachii was stretched at both speeds, however, there 

was no difference observed in electromyography amplitude.  

 

Noffal et al. (2004) examined the effect of static stretching of upper limb muscles on over 

arm throwing speed and isokinetic torque of shoulder internal rotators at two velocities (3.14 

and 5.24 rad/second) in forty subjects. Participants were randomly assigned into control and 

stretching groups. The experimental protocol consisted of two test sessions scheduled a week 

apart. Subjects in the experimental group performed static stretching exercises to their 

dominant limb in one of their sessions and no stretching in the subsequent session. Subjects 

in the control group did not stretch in either of their two sessions.  

 

Following warm-up and stretching or no stretching, subjects were tested for throwing speed 

and concentric isokinetic torque of the shoulder internal rotation musculature at two 

velocities. Throwing speed was measured with a radar gun and shoulder internal rotation 

torques were measured with an isokinetic dynamometer. The results of this study indicated 

that static stretching produced a significant decrement in high-speed throwing performance 

and shoulder concentric torque at 3.14 rad/second but not at 5.24 rad/second.  
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Knudson et al. (2004) examined the acute effect of stretching on tennis serve performance in 

eighty-three tennis players from a beginning level to advanced level. Subjects followed either 

a traditional warm-up or traditional plus stretching warm up. Serving percentage and radar 

measurements of service ball speed in each treatment was measured. The authors found no 

significant effect of stretching on service speed or accuracy and this lack of an effect was 

similar for all skill levels, age and gender.  

 

Torres et al. (2008) examined the influence of upper-body static stretching and dynamic 

stretching on upper-body muscular performance in eleven healthy men. Over four sessions, 

subjects participated in four different stretching protocols that involved no stretching, static 

stretching, dynamic stretching, and combined static and dynamic stretching in a balanced 

randomized order followed by four tests: 30% of 1 RM bench throw, isometric bench press, 

overhead medicine ball throw, and lateral medicine ball throw. Depending on the exercise, 

test peak power, peak force, peak acceleration (Amax), peak velocity and peak displacement 

were measured.  

 

Torres et al. (2008) found that there was no short-term effect of stretching on upper-body 

muscular performance in young adult male athletes, regardless of stretch mode. The authors, 

however, noted that their findings were at odds with the literature on the lower body and 

attributed to the amount of rest used after stretching before the performances, which was five 

minutes.  

 

In summary, the majority of studies in the literature have assessed the effects of stretching on 

lower limb performance. Studies utilizing the upper body have shown diverse results. 

Evetovich et al. (2003) showed a reduction in peak toque of the biceps brachii after static 
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stretching. Noffal et al. (2004) demonstrated that static stretching of the upper body produced 

a significant decrement in high-speed throwing performance and shoulder concentric torque 

at 3.14 rad/second but not at 5.24 rad/second. Knudson et al. (2004) found no short-term 

effect of stretching in the warm up on the tennis serve performance of adult players. Finally, 

Torres et al. (2008) and Molacek et al. (2010) found no short-term effect of stretching on 

upper-body muscular performance in young adult male athletes, regardless of stretch mode. 

 

2.11. No Effect of Stretching on Muscular Performance 
In contrast to the majority of the literature, several research groups have failed to find any 

detrimental effects of stretching on strength (Muir et al., 1999; Mello et al., 2002; Garrison et 

al. 2002; Bandeira et al., 2003; Cramer et al., 2004; Behm et a., l 2004; Knudson et al., 2004; 

Egan et al., 2006; Torres, et al., 2008). Pertinent here is that the total stretching duration in 

these studies was shorter, ranging from 30 to 480 seconds and in the study by Torres et al. 

(2008), there was a significant rest period between the stretching and the testing protocols (5 

minutes). 

 

Muir et al. (1999) examined the effect of calf-stretching exercises on the resistive torque 

during passive ankle dorsiflexion in a group of twenty healthy men. A KINCOM isokinetic 

dynamometer was used to measure the passive resistive torque of the ankle while the joint 

complex was moved through return cycles from ten degrees plantar flexion to ten degrees 

dorsiflexion at a constant velocity of 6°/second. Each subject's right or left ankle was 

randomly assigned to either a control or an experimental condition. The latter underwent a 

total of four static stretches, each lasting thirty seconds.  
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The authors found that the calf-stretching exercises did not produce a significant reduction in 

the resistive torque during ankle dorsiflexion as measured by the peak to peak torque at ten 

degrees of ankle dorsiflexion or in the centre range of the hysteresis loop at 0 degree 

dorsiflexion.  

 

Garrison et al. (2002) investigated the effect of acute static stretching on maximal voluntary 

isokinetic torque production in fifteen young (19-27 years) and fourteen older adults (62-79 

years). Maximal voluntary isokinetic torque was measured at two different movement 

velocities (120°/second and 60°/second) before and after stretching using a Biodex System 3 

Isokinetic Dynamometer. Only one leg was stretched, and the non-stretched leg served as 

control. The stretching regimen included four stretches designed to stretch the quadriceps 

muscle group with the total stretching time being eight minutes. After stretching the subject 

was allowed to rest ten minutes before the strength tests were repeated.  

 

Garrison et al. (2002) found no significant differences between the pre and post treatment 

maximal voluntary torque production values at either of the two movement velocities in the 

young group (120°/second and 60°/second) or in the old group (120°/second and 60°/second).  

 

Cramer et al. (2004) examined the acute effects of static stretching on peak torque, mean 

power output, electromyographic amplitude, and mechanomyographic amplitude from the 

vastus lateralis muscle during maximal eccentric leg extension exercises. Fifteen males 

performed maximal eccentric isokinetic muscle actions of the dominant leg extensors at 

randomly ordered velocities 60° and 180°/second on a calibrated Cybex 6000 dynamometer. 

A piezoelectric mechanomyographic recording sensor was placed between two surface 

electromyographic electrodes located over the longitudinal axis of the vastus lateralis muscle. 
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Peak torque and mean power output values were recorded by the dynamometer. Following 

the pre-stretching assessments, the dominant leg extensors were stretched using one active 

and three passive stretching exercises for a total stretch time of twenty minutes. Four minutes 

after the stretching, the peak torque, mean power output, electromyographic amplitude, and 

mechanomyographic amplitude measurements were repeated.  

 

The results from Cramer et al. (2004) revealed that static stretching did not affect peak 

torque, mean power output, electromyographic amplitude, and mechanomyographic 

amplitude of the vastus lateralis during maximal eccentric isokinetic muscle actions of the leg 

extensors.  

 

Behm et al. (2004) investigated the effect of an acute bout of lower limb static stretching on 

balance, proprioception, reaction, and movement time in sixteen participants. Subjects were 

tested for maximal voluntary isometric contraction force of the leg extensors, static balance 

using a computerized wobble board, reaction and movement time of the dominant lower 

limb, and the ability to match 30% and 50% maximal voluntary isometric contraction forces 

with and without visual feedback before and after both a static stretching of the quadriceps, 

hamstrings, and plantar flexors or a similar duration control condition. The stretching 

protocol involved a five-minute cycle warm-up followed by three stretches to the point of 

discomfort of forty-five seconds each with fifteen seconds rest periods for each muscle group.  

 

The authors found no significant differences in the decrease in maximal voluntary isometric 

contraction forces between the stretch and control conditions or in the ability to match 

submaximal forces. However, the investigators did find a 9.2% decrease in balance scores 

with the stretch compared with the control condition, which improved 17.3%. Furthermore, 
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reaction and movement time decreased by 5.8% and 5.7%, respectively, with the control 

condition. This differed significantly from the stretch-induced increases in reaction and 

movement time of 4.0% and 1.9%, respectively. This study showed that an acute bout of 

stretching impaired the warm-up effect achieved under control conditions with balance and 

reaction/movement time. 

 

Egan et al. (2006) examined the acute effects of static stretching on peak torque and mean 

power output during maximal, voluntary concentric isokinetic leg extensions at 60 and 

300°/second in eleven members National Collegiate Athletic Association Division I Women's 

Basketball players. Subjects were tested for maximal concentric isokinetic leg extensions at 

60 and 300°/second on a calibrated Biodex System 3 dynamometer. After the initial 

isokinetic testing, the dominant leg extensors were stretched using one unassisted and three 

assisted static stretching exercises. The poststretching isokinetic assessments were repeated at 

5, 15, 30, and 45 minutes after the static stretching.  

 

Egan et al. (2006) found no stretching-related changes in peak torque and mean power from 

pre to post stretching for any of the testing intervals of 5, 15, 30, and 45 minutes post 

stretching. These findings indicated that the static stretching had no impact on peak torque or 

mean power during maximal, voluntary concentric isokinetic muscle actions in collegiate 

women's basketball players.  

 

Knudson et al. (2004) examined the acute effect of stretching on tennis serve performance in 

eighty-three tennis players from a beginning level to advanced level. Subjects followed either 

a traditional warm-up or traditional plus stretching warm up. Serving percentage and radar 

measurements of service ball speed in each treatment was measured. The authors found no 
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significant effect of stretching on service speed or accuracy and this lack of an effect was 

similar for all skill levels, age, and gender.  

 

Torres et al. (2008) examined the influence of upper-body static stretching and dynamic 

stretching on upper-body muscular performance in eleven healthy men. Over four sessions, 

subjects participated in four different stretching protocols that involved no stretching, static 

stretching, dynamic stretching, and combined static and dynamic stretching in a balanced 

randomized order followed by four tests: 30% of 1 RM bench throw, isometric bench press, 

overhead medicine ball throw, and lateral medicine ball throw. Depending on the exercise, 

test peak power, peak force, peak acceleration, peak velocity and peak displacement were 

measured.  

 

Torres et al. (2008) found that there was no short-term effect of stretching on upper-body 

muscular performance in young adult male athletes, regardless of stretch mode. The authors, 

however, noted that their findings were at odds with the literature on the lower body and 

attributed to the amount of rest used after stretching before the performances, which was five 

minutes.  

 

In summary, several research groups have failed to find any detrimental effects of stretching 

on strength (Muir et al. 1999; Mello et al. 2002; Garrison et al. 2002; Bandeira et al. 2003; 

Cramer et al 2004; Behm et al 2004; Knudson et al. 2004; Egan et al. 2006, Torres, et al. 

2008). A possible explanation for the inconsistency in the literature is that the total stretching 

duration in these studies was shorter, ranging from 30 to 480 seconds, or, in the study by 

Torres et al. (2008), there was a significant rest period between the stretching and the testing 

protocols (5 minutes). 
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2.12. The Effect of Stretching Duration 
Duration of stretching appears to effect muscle performance in the majority of studies. 

Illustrative of this point is the findings of Bandeira et al. (2003), who did not observe 

decreases in strength performance of ballet dancers when using 6 repeats of 15 seconds static 

active stretching exercises, with a total of 90 seconds stretching. However, when stretching 

duration increased to 60 seconds for each exercise (360 seconds total duration), performance 

of the hip flexors was decreased. 

 

Several other studies corroborate these findings. Ogura et al. (2007) investigated the effect of 

static stretching on the hamstrings for the duration of either 30 seconds or 60 seconds on 

maximal voluntary contraction of the hamstrings. The maximal voluntary contraction was 

significantly lowered with 60 seconds of static stretching compared to the control and 30 

seconds of the stretching conditions (control: 287.6 +/- 24.0 N; 30 seconds: 281.8 +/- 24.2 N; 

60 seconds: 262.4 +/- 36.2 N). However, there was no significant difference between control 

and 30 seconds of static stretching conditions. 

 

Robbins and Scheuermann (2008) examined the relationship between varying amounts of 

acute static stretching on vertical jumping performance. Stretching treatments consisted of 2, 

4, or 6 sets of stretches, with each stretch held for fifteen seconds with a fifteen-second rest. 

They found that jumping performance declined progressively as the stretching duration 

increased from 30 to 90 seconds per muscle group.  

 

Siatras et al. (2008) studied the acute effect of static stretching durations of 10 seconds, 20 

seconds, 30 seconds and 60 seconds on quadriceps isometric and isokinetic peak torque 
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production. The stretching durations of 10 and 20 seconds had non-significant impact on 

muscle strength. However, stretching for 30 and 60 seconds did significantly reduce isometric 

peak torque (8.5% and 16.0%, respectively) and isokinetic peak torque (5.5% vs. 11.6% at 

60°/second and by 5.8% vs. 10.0% at 180°/second, respectively). 

 

Another recent study which failed to find a negative performance effect from pre-exercise 

stretching was conducted by Torres, et al. (2008). This group examined the influence of 

upper-body static stretching and dynamic stretching on 30% of 1 RM bench throw, isometric 

bench press, overhead medicine ball throw, and lateral medicine ball throw. The investigators 

found that there was no short-term effect of stretching on upper-body muscular performance, 

regardless of stretch mode. The authors explained that the possible reason for this finding was 

potentially due to the amount of rest used after stretching before the performances, which was 

5 minutes. 

 

A recent review by Rubini et al. (2007) has noted that has been a consistent methodological 

feature of the research that found a performance decrement after stretching. All the studies 

used more than one stretching exercise for the same muscle group and/or the number of sets 

and the duration of stretching were greater than the ranges normally recommended in the 

literature and used in sporting activities. 

 

Several investigations have suggested that four sets of stretches performed for each muscle 

group with 10–30 seconds duration (40-120 seconds of total stretching duration) in each 

stretched position is optimal (Taylor et al., 1990; Borms et al., 1987; Madding et al., 1987; 

Bandy and Irion, 1994; Bandy et al., 1997). The corollary of this is that the total stretching 
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duration may have been excessively long in the studies showing decreases in strength 

performance. 

 

One research group has presented data that militates against the above view by demonstrating 

that even with a total stretching time that follows the literature recommendations and with 

only one exercise for each muscle group, a significant decrease in strength performance still 

takes place. Rubini et al. (2005) and Mello and Gomes (2005) showed an 8.9% and 12.3% 

reductions in hip adductor isometric strength measured at 45°, and 10.4% and 10.9% at 30° 

following four 30-second sets of static or PNF stretching, respectively. Decreases in strength 

after static stretching in knee flexion and extension were 9.9% and 2.3%, and decreases after 

PNF were 11.4% and 4.8%, respectively.  

 

The duration of stretching is one of the more common methodological factors in the current 

body of literature that has received criticism. Behm and Chaouachi (2011) have recently 

noted that the duration of the stretching protocols used in some studies do not always 

adequately reflect typical practice of athletes and fitness enthusiasts. A series of articles 

published in The Journal of Strength and Conditioning Research that surveyed North 

American strength and conditioning coaches from professional sports reported average 

stretch repetition durations of approximately 12 seconds (Ebben et al., 2005), 14.5 seconds 

(Simenz et al., 2005), 17 seconds (Ebben et al., 2004) and 18 seconds (Ebben & Blackard, 

2001) for baseball, basketball, hockey and football players respectively. These stretching 

durations are considerably less than those investigated in the majority of research studies that 

address the impact of flexibility on muscular performance (Behm & Chaouachi, 2011). 
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Extensive stretching durations have been used in a number of the studies that have 

investigated the impact of stretching on muscular performance. For example, Avela et al. 

(2004) and Fowles et al. (2000) used thirty to sixty minutes of static stretching prior to 

muscular performance testing. Similarly, Bacurau et al. (2009), Behm et al. (2001), Costa et 

al. (2010), and Cramer et al. (2005) used fifteen to twenty minutes of static stretching before 

performance testing.  

 

Several studies have investigated more moderate durations of static stretching, which have 

also produced decrements in muscular performance. For example, Brandenburg (2006) and 

Kokkonen et al. (1998) used 90 seconds or less per muscle group of static stretching. Cramer 

et al. (2004), Marek et al. (2005), Nelson et al. (2001a, b), (2005a); Yamaguchi et al. (2006) 

used two minutes of static stretching. Bacurau et al. (2009) used three minutes of static 

stretching. And Nelson et al. (2005b) and Zakas et al. (2006) used five minutes of static 

stretching. 

 

Static stretch-induced impairments can continue for prolonged periods after the stretching 

intervention. For example, Power et al. (2004) examined the effect of static stretching on 

isometric force, muscle activation, jump power and range of motion. Twelve participants 

performed static stretches for the quadriceps, hamstrings and plantar flexors with two 

different stretches of three repetitions each for forty-five seconds (270 seconds per muscle). 

After the stretching routine, participants were tested immediately and at 30, 60, 90, and 120 

minutes. Measurements included maximal isometric voluntary force vertical jump indices, 

involving unilateral concentric-only (no countermovement) jump height as well as drop jump 

height and contact time. 

 



65 

 

The authors found that after static stretching there was a significant overall 9.5% decrement 

in quadriceps maximal isometric voluntary force. Further, force remained significantly 

decreased for 120 minutes (10.4%). The researchers failed to find any significant changes in 

jump performance after static stretching. 

 

Similarly, Fowles et al. (2000) reported force deficits for one hour following the stretch 

protocol. The authors assessed strength performance after an acute bout of maximally 

tolerable passive stretching in ten young adults (6 men and 4 women). Participants undertook 

thirty minutes of static stretching involving thirteen stretches of 135 seconds each over thirty-

three minutes of the ankle plantarflexors. The measurement of isometric maximal voluntary 

contraction was assessed immediately after and at 5, 15, 30, 45, and 60 minutes after the 

stretching protocol. Time course decrements were found in maximal voluntary contraction 

immediately (28%) and at 5 (21%), 15 (13%), 30 (12%), 45 (10%), and 60 (9%) minutes after 

static stretching (P < 0.05).  

 

However, both the studies by Power et al. (2004) and Fowles et al. (2000) used stretching 

durations that far exceed normal athletic and fitness-oriented practice. A factor mitigating the 

detrimental effects of static stretching may be the stretch duration. Accordingly, studies by 

Young et al. (2006) and Knudson and Noffal (2005) have investigated the volume and 

intensity effects with static stretching on muscular performance. 

 

The study by Young et al. (2006) involved twenty participants who performed five different 

warm-ups on different days. The warm-ups contained a five-minute treadmill run and various 

duration protocols of static stretches for the plantar flexors. Stretching involved dorsi flexion 

just before the pain threshold, which was considered 100% intensity. The stretching 
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treatments that immediately followed the warm-up run were; 1 minute of static stretching; 2 

minutes of static stretching; 4 minutes of static stretching; and 2 minutes of static stretching 

at 90% intensity. Performance measures included a concentric calf raise and drop jump test, 

which was conducted after each warm-up. 

 

Young et al. (2006) found that there were no significant differences (P > 0.05) in peak force 

or rate of force production in the explosive calf raise between any of the warm-ups. However, 

the run plus 2 minutes of static stretching and the run plus 4 minutes of static stretching 

protocols produced significantly lower (P < 0.05) drop jump performance (jump 

height/ground contact time) than the run. The run plus 4 minutes of static stretching warm-up 

also produced a significantly lower drop jump score than the run plus 1 minute of static 

stretching warm-up. Thus, Young et al. (2006) found that one minute of static stretching 

generated significantly less jumping impairments than two or four minutes of stretching, 

therefore a greater duration of stretching resulted in greater deficits.  

 

Correspondingly, Knudson and Noffal (2005) conducted a study where they documented the 

time-change in isometric grip strength over ten trials in a cohort of 57 young adults randomly 

assigned to control (n=22) or repeated bouts of 10-second static stretches of the wrist flexors 

(n=35). A significant (P<0.05) difference was found in the change in mean normalized grip 

strength between the control and stretching groups that was not found to be significantly 

different across gender. Grip strengths in the control group were consistent with a linear 

trend, while the grip strengths in the stretching group declined in a logarithmic fashion to 

88.8% with 100 seconds of stretching. Statistically significant (P<0.05) differences in 

normalized grip strength between the two groups were found after 40 seconds of stretching.  
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Thus, Knudson and Noffal (2005) have demonstrated that meaningful decreases in isometric 

grip strength following static stretching occur in young adults following 40 seconds of static 

stretching. 

 

The literature suggests that when the total duration of static stretching of a single muscle 

group is more than ninety seconds (such as three stretches of thirty seconds each), there is 

strong evidence for performance impairments (Rubini et al., 2007; Behm & Chaouachi, 

2011). However, if the total duration of static stretching is less than ninety seconds, there 

seems to be considerable variability in the evidence for impairments (Rubini et al., 2007; 

Behm & Chaouachi, 2011). Behm and Chaouachi (2011) have reported effect sizes calculated 

from studies testing force, torque and isokinetic power and have shown trivial magnitudes of 

change with less than thirty seconds of static stretching as compared to moderate magnitudes 

with more than ninety seconds. 

 

Further, Behm and Chaouachi (2011) performed an ANOVA on the percentage changes in 

studies measuring force, torque and power pre and post static stretching and showed a trend 

(p = 0.09) for a significantly greater impairment with studies employing over 90 seconds  

(-5.8% ± 6.4) versus less than 90 seconds (-3.3% ± 4.1) of static stretching.  

 

Interestingly, Behm and Chaouachi (2011) found a less dramatic contrast with jump height as 

the test variable, with trivial magnitudes for less than 30 seconds of static stretching as 

compared to small effect sizes for more than 90 seconds. Significantly (p = 0.05) greater 

vertical jump height impairments were detected when comparing studies instituting more  



68 

 

(-3.3% ± 3.4) versus less (-1.03% ± 2.5) than 90 seconds of static stretching. Additionally, it 

was found that percentage changes and effect sizes associated with sprint and run tests range 

from trivial to small.  

 

It appears that the effect of flexibility drills on subsequent performance is highly dependent 

on the type of muscular effort being carried out (Young & Behm, 2003).The literature reveals 

that tasks highly reliant on a single muscular contraction to generate force are more 

negatively affected by acute bouts of static stretching (Bacurau et al., 2009; Behm et al., 

2001, 2004; Costa et al., 2009; Cramer et al., 2005; Fowles et al., 2000; Power et al., 2004; 

Siatras et al., 2008). However, there are disparate findings in the literature regarding stretch-

induced impairments on activities that require power. For example, several studies report no 

effect of static stretching on jump performance (Ce et al., 2008; Gonzalez-Rave et al., 2009; 

Kinser et al., 2008; Power et al., 2004). Whereas other studies report static stretch–induced 

impairments in vertical jump performance (Bradley et al., 2007; Holt et al., 2008; Hough et 

al., 2009; Robbins & Scheuermann, 2008; Sayers et al., 2008). 

 

Similarly, disparity exists on the acute effect of static stretching on acceleration and running 

speed. There are several recent studies reporting static stretch-induced decrements in sprint 

time (Becket et al., 2009; Chaouachi et al., 2008; Fletcher and Anness, 2007; Sayers et al., 

2008; Winchester et al., 2008). This contrasts with studies showing no effect of static 

stretching on sprint performance (Hayes & Walker, 2007; Taylor et al., 2008; Vetter, 2007; 

Wong et al., 2010). This indicates that the response of multiarticular, bilateral, power-based 

activities (i.e., jumping and running) to a single bout of static stretching is more variable than 

uniarticular, unilateral strength (i.e., leg extensions) activities. 
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A number of recent studies have documented no significant change in force/torque (Beedle et 

al., 2008; Egan et al., 2006; Molacek et al., 2010; Torres et al., 2008; Winke et al., 2010) and 

throwing velocity (Haag et al. 2010; Torres et al. 2008) with stretching durations ranging 

from 30 to 120 seconds for individual muscle groups, which is more reflective of modern 

athletic and fitness training practice.  

 

Illustrative of this is the study by Torres et al. (2008), who examined the influence of upper-

body static stretching and dynamic stretching on upper-body muscular performance in eleven 

healthy men. Over four sessions, subjects participated in four different stretching protocols 

that involved no stretching, static stretching, dynamic stretching, and combined static and 

dynamic stretching in a balanced randomized order followed by four tests: 30% of 1 RM 

bench throw, isometric bench press, overhead medicine ball throw and lateral medicine ball 

throw. Depending on the exercise, test peak power, peak force, peak acceleration, peak 

velocity, and peak displacement were measured.  

 

Torres et al. (2008) found that there was no short-term effect of stretching on upper-body 

muscular performance in young adult male athletes, regardless of stretch mode. The authors, 

however, noted that their findings were at odds with the literature on the lower body and 

attributed to the amount of rest used after stretching before the performances, which was five 

minutes.  

 

Furthermore, other studies investigating jump height have reported no impact of static 

stretching using durations of 45 seconds (Gonzalez-Rave et al., 2009; Knudson et al., 2001; 

Unick et al., 2005), less than 60 seconds (Robbins & Scheuermann, 2008) and less than 90 

seconds (Behm et al., 2006; Handrakis et al., 2010; Samuel et al., 2008). 
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Interestingly, there are several studies which have employed more prolonged duration static 

stretching between 2–8 minutes that have not elicited isokinetic torque impairments (Cramer 

et al., 2007a, 2007b; Ryan et al., 2008b). 

 

The clarity of the research findings is further obscured by the findings of other studies 

utilizing short duration static stretching protocols of only 30 seconds, which have recorded 

performance impairments (Winchester et al., 2009). Similarly, Sekir et al. (2009) found that 

just two repetitions of 20 seconds of static stretching impaired concentric and eccentric leg 

extensor and flexor torque and Vetter (2007) used only 60 seconds of stretching for each 

muscle group resulting in decreased jump height, but no effect on sprint time. However, the 

extent of static-stretch-induced jump impairments varied considerably between studies. In the 

Winchester et al. (2009) study, the decrement was only 0.6%, while Vetter (2007) reported 

5.4% decrements. As noted above, the Vetter (2007) study was a ‘field test’ and the 

instruments selected do not represent the sophistication or accuracy of other laboratory 

investigations in this area of research. Sprint times were measured using a stopwatch. 

Countermovement jump heights were measured using a field jump and reach test, thus 

making the conclusions of this study by Vetter (2007) of dubious value to the collective and 

larger body of research performed in this area. 

 

However, a summary of evidence suggests the majority of studies indicate longer durations of 

static stretching induce greater impairments in force when compared to shorter durations 

(Franco et al., 2008; Knudson & Noffal, 2005; Ogura et al., 2007; Siatras et al., 2008; Zakas, 

2005).  
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In summary, the majority of studies demonstrate that shorter durations of static stretching do 

not negatively impact muscular performance; however, there is not unanimous consensus in 

the literature. Based on the evidence showing impairments with more than 90 seconds of 

stretching and the mixed results when examining 30–90 seconds of stretching, as well as the 

trivial effect sizes for less than 30 seconds versus the small to moderate effect sizes for 

greater than 30 seconds, it is recommended that static stretching for each individual muscle 

be limited to no more than 30 seconds in total duration prior to muscular effort.  

 

2.13. Effect of Intensity of Stretching 
Based on the observation of the stretching methods reported in the popular media of the 

strenuous nature of certain gymnasts and dancers’ flexibility regimes, such as Li Cunxin’s 

Mao’s Last Dancer (2004), a number of flexibility practitioners believe that placing the 

muscle under maximum stress and stretching to the point of discomfort will bring about the 

greatest increases in range of motion.  

 

Several studies have reported impairments in muscular force when prior static stretching to 

the point of discomfort was performed (Behm et al., 2001, 2004, 2006; Fowles et al., 2000; 

Kokkonen et al., 1998; Nelson et al., 2001a; Power et al., 2004; Young & Behm, 2003), jump 

height (Cornwell et al. 2002; Young & Elliott 2001; Young & Behm 2003). Similar findings 

have been reported in drop jump ground contact times (Behm et al., 2006), muscle activation 

(Behm et al., 2001; Power et al., 2004; Rosenbaum & Hennig, 1995), and reaction, 

movement time and balance (Behm et al., 2004).  

 

Importantly, all these studies utilized stretching regimes that had the participants stretch to 

the point of discomfort. Some reviews have suggested that stretching to lesser intensities may 
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mitigate the negative effect of stretching exerts on performance (Rubini et al., 2007; Young, 

2007).  

 

There is, however, some evidence in the literature to suggest that less than maximal intensity 

stretching might not produce the same deficits in muscular performance (Behm & Kibele, 

2007; Knudson et al. 2001, 2004; Manoel et al. 2008; Young et al. 2006).  

 

Behm and Kibele (2007) investigated the effects of static stretching to the point of discomfort 

or prior to the point of discomfort on jump performance. Seven male and three female 

participants were pre-tested by performing two repetitions of three different stretches to 

assess range of motion and two repetitions each of five different types of jumps; 24 

centimetre drop jump, counter movement jump with fast stretch shortening cycle, counter 

movement jump with slow stretch shortening cycle, counter movement jump with slow 

stretch shortening cycle to seventy degree knee flexion, self-selected (pace and depth) 

counter movement jump and concentric-only squat jump. 

 

Following pre-testing, participants were stretched four times for 30 seconds each with 30 

second recovery for the quadriceps, hamstrings and plantar flexors at 100% (point of 

discomfort), 75% and 50% of point of discomfort or a control condition. Five minutes 

following the stretch or control conditions, they were tested post-stretch with the same 

stretches and jumps as the pretest. 

 

A two-way repeated measures ANOVA revealed that all three stretching intensities adversely 

affected jump heights. With data collapsed over stretching intensities there were significant 

decreases in jump height of 4.6% (P = 0.01), 5.7% (P < 0.0001), 5.4% (P = 0.002), 3.8% (P = 
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0.009) and 3.6% (P = 0.008) for the drop jump, squat jump, counter movement jump to a 

knee flexion of seventy degree, counter movement jump using a preferred jump strategy and 

short amplitude counter movement jump respectively. The researchers concluded that an 

acute bout of maximal or submaximal intensity stretching can impair a variety of jumping 

styles. 

 

In contrast, Young et al. (2006) manipulated the volume of stretching and in one condition 

had the participants stretch to 90% of point of discomfort. The submaximal intensity stretch 

of the plantar flexors was calculated by decreasing the range of motion by 10% from the 

ankle joint dorsiflexion angle achieved when the subjects were stretched at the point of 

discomfort. They found that two minutes of static stretching at 90% intensity had no effect on 

muscle performance (concentric calf raise and drop jump height).  

 

Knudson et al. (2001, 2004) published two studies where the subjects were stretched to a 

point ‘‘just before’’ discomfort. Neither study showed significant decreases in performance. 

In one study (Knudson et al., 2001), there was a trend towards impaired vertical jump height 

(3%), while the other study reported no change in tennis serve velocity (Knudson et al., 

2004).  

 

Manoel et al. (2008) had subjects stretch to mild discomfort (3 repetitions of 30 seconds) and 

reported no effect on knee extension power at 60os-1 and 180os-1. Beedle et al. (2008) 

employed three static stretches of 15 seconds each of moderate intensity stretching (stretch as 

far as possible without assistance) and reported no adverse effects upon bench press and leg 

press 1RM.  
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Other studies have also stretched to the point of mild discomfort and reported impairments in 

isokinetic peak torque (Cramer, et al., 2004, 2005), vertical jump height (Bradley et al., 2007; 

Hough et al., 2009) and 30-meter sprint time (Sayers et al. 2008). Other than the Young study 

(2006), the other studies used subjective intensities and did not accurately measure the degree 

of submaximal stretch intensity. 

 

In contrast, Behm and Kibele (2007) did find stretch induced impairments with university 

sport science students who were stretched four times for 30 seconds each for the quadriceps, 

hamstrings and plantar flexors at 100% (point of discomfort), 75% and 50% of point of 

discomfort or a control condition. The stretch intensities in this study were precisely 

monitored based on percentage changes in passive tension as measured with a strain gauge.  

 

All three stretching intensities adversely affected jump heights with significant decreases in 

drop, squat and countermovement jump heights. The lower intensity stretching actually 

provided greater numerical increases in flexibility with 12.6–13.9% increases with less than 

point of discomfort versus 9.7% with point of discomfort stretching, although this difference 

was not statistically significant.  

 

Thus, while the literature that institutes stretching to the point of discomfort overwhelmingly 

is associated with stretch-induced impediments, studies using submaximal stretching 

intensities (less than to the point of discomfort) do not provide clarity regarding static stretch-

induced impairments. More studies are needed that accurately monitor the degree of stretch 

intensity and its subsequent effects on range of motion (ROM) and performance. 
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2.14. The Effect of Training Experience 
Several studies have demonstrated that greater durations and maximum intensity (point of 

discomfort) static stretching may contribute to stretch-induced impairments in muscular 

performance. This might suggest that the deleterious changes in several indices of muscular 

strength may be due to the muscle being placed under unaccustomed stress. It is therefore 

plausible that the stretch-induced impairments reported in the literature might be a training-

specific phenomenon. Accordingly, some authors have suggested that trained athletes might 

be less susceptible to the stretching-induced deficits than untrained (Dalrymple et al., 2010; 

Di Cagno et al., 2010; Egan et al., 2006; Unick et al., 2005).  

 

Egan et al. (2006) examined the acute effects of static stretching on peak torque and mean 

power output during maximal, voluntary concentric isokinetic leg extensions at 60 and 

300o/second in National Collegiate Athletic Association Division I Women's Basketball 

players. Eleven members of a women's basketball team performed maximal concentric 

isokinetic leg extensions at 60os-1 and 300os-1 after the dominant leg extensors were stretched 

using one unassisted and three assisted static stretching exercises. The post stretching 

isokinetic assessments were repeated at 5, 15, 30, and 45 minutes after the static stretching.  

 

The researchers failed to find any stretching-related changes in peak torque (p = 0.161) or 

mean power output (p = 0.088) from pre to post stretching for any of the testing intervals (5, 

15, 30, and 45 minutes after the stretching). These findings indicate that the static stretching 

had no impact on peak torque or mean power output during maximal, voluntary concentric 

isokinetic muscle actions in well trained collegiate women's basketball players and thus 

suggest that trained athletes may be less susceptible to the stretching-induced force deficit 

than untrained, nonathletes. 
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Dalrymple et al. (2010) examined the effect of static stretching and dynamic stretching on 

peak jump height during a series of counter movement vertical jumps in twelve female 

collegiate volleyball players. The study lasted a total of three weeks, and each participant 

performed all three stretching protocols, one session per week, with one week between 

sessions. The order of the stretching protocols was randomized for each subject. During each 

testing session, all subjects performed a five-minute light jog as a warm-up, followed by eight 

minutes of one of the stretching protocols. One minute after the completion of each protocol, 

five maximal counter movement jumps were performed on a force platform, with each jump 

separated by one minute of passive recovery. Jump heights were calculated by integrating the 

vertical force trace.  

 

The static stretching protocol included stretches for the plantar flexors, quadriceps, 

hamstrings, and hip extensors. Each subject performed three sets of each stretch, holding the 

stretch for fifteen seconds with a twenty second rest period in between the sets. The dynamic 

stretching protocol incorporated four stretches of the same muscles groups as the static 

stretching group. Each dynamic stretch was completed over an 18-meter-long course to 

mimic that of a volleyball court. Subjects performed two sets of each dynamic stretch, and 

two sets of stretches were used to ensure the same total time as the static stretching protocol. 

There was a 20 second rest interval between sets of each stretch. The stretches included calf 

raises, butt-kicks, leg swings and knee tucks.  

 

A general linear model with repeated measures and pair-wise comparisons with Bonferroni 

corrections was used to analyse the data. There were no significant differences found between 

the static stretching, dynamic stretching, and control conditions for any of the jumps (p > 

0.05). Despite the lack of significant effects for the group, the researchers noted that there 
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were notable individual responses to each of the warm-up conditions and concluded that 

practitioners should be aware of the individual responses of their athletes to different types of 

warm-up protocols before athletic performance and the possible impact of prescribing or 

eliminating certain exercises. 

 

Unick et al. (2005) examined the acute effects of static and ballistic stretching on vertical 

jump performance (countermovement and drop jumps) in 16 actively trained women 

immediately and at 15 and 30 minutes after stretching. No significant differences in vertical 

jump scores were found as a result of static or ballistic stretching, elapsed time or initial 

flexibility scores. This suggests that stretching prior to competition may not negatively affect 

the performance of trained women. 

 

Di Cagno et al. (2010) examined the acute effects of static stretching on technical leaps 

performance in rhythmic gymnastics. Thirty-eight elite gymnasts (age 14.13 ± 3.2 years), 

competing at the international and national levels, performed vertical jumps (squat jump, 

countermovement jump, hopping test and technical leaps (split leap with leg stretched, split 

leap with ring, split leap with back bend of the trunk) assessed in two different conditions; 

after static stretching and after their usual typical warm-up as control conditions.  

 

The dynamic warm-up intervention had each participant perform the typical rhythmic 

gymnastics warm-up exercises they were accustomed to; four-minute jogging warm-up 

period; four minutes of plyometric training and hopping; ten minutes of ballistic stretching 

for leg and back flexibility; and two minutes of abdominal and dorsal muscle strength 

training. 
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The static stretching intervention involved four static stretches exercises for the lower body 

with external supports for ten minutes. The lower limb stretches included a seated bilateral 

hamstring stretch, standing unilateral calf stretch, both with and without a bent knee, and 

standing unilateral quadriceps stretch. Each stretch was completed three times, and each 

repetition was held more than 30 seconds to a point of mild discomfort. A period of about 

two minutes’ rest was given between each exercise and four minutes was allowed between 

the static stretching and the second testing session. A paired-sample t-test and a stepwise 

multiple regression analysis was used to analyse the data. Vertical jump flight time was not 

affected by static stretching warm-up. Ground contact time of the hopping test significantly 

increased after the static stretching warm-up (p< 0.01).  

 

Static stretching reduced significantly (p< 0.01) the technical leap flight time and decrements 

included split leap with leg stretched = 7.1%, split leap with ring = 7.2%, and split leap with 

back bend of the trunk = 6.4%. The results showed no significant effects of static stretching 

on technical leaps ground contact time. Static stretching significantly reduced (p < 0.001) the 

scores awarded by the judges. The flight time was the main predictor of scores of the three 

technical leaps accounting for 9–30% of variance in both warm-up conditions. This study 

suggests that static stretching before leaping performance may negatively affect rhythmic 

gymnastics judges’ evaluation, but static stretching has no effect on vertical jump flight time 

or technical leaps ground contact time. 

 

In contrast, training experience failed to alter the deleterious effect of stretching on strength 

performance in other studies. Nelson et al. (2005) showed a negative effect with experienced 

stretchers. Brandenburg (2006) has demonstrated that the duration of the stimuli (15 or 30 
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seconds) did not influence the degree of force loss following static stretching in trained 

subjects. 

 

Nelson et al. (2005) conducted two separate experiments with experienced stretchers. In 

experiment one, the knee-flexion muscle strength endurance exercise was measured by 

exercise performed at 40 and 60 % of body weight following either a no-stretching or 

stretching regimen. In experiment two, using a test-retest protocol, a knee-flexion muscle 

strength endurance exercise was performed at 50% body weight on four different days, with 

two tests following a no stretching regimen and two tests following a stretching regimen. For 

experiment one, when exercise was performed at 60% of body weight, stretching 

significantly reduced muscle strength endurance by 24%, and at 40% of body weight, it was 

reduced by 9%. For experiment two, stretching was again found to significantly reduced 

muscle strength endurance by 28%.  

 

Brandenburg et al (2006) compared the effect of varying the duration of static stretching on 

muscle performance in well trained subjects. Sixteen male and female subjects received two 

familiarization sessions and then participated in two randomly ordered experimental sessions. 

In each session maximal effort hamstring performance was assessed prior to and immediately 

after one of two stretching protocols.  

 

During one of the protocols participants were required to hold each stretch for 15 seconds 

while stretch duration in the second protocol was thirty seconds. Both protocols consisted of 

three repetitions of two stretching exercises. A Kincom isokinetic dynamometer was used to 

assess hamstring performance during isometric, concentric and eccentric actions. 
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Brandenburg et al (2006) showed that hamstring strength was impaired 15% after 90 seconds 

of static stretching and 30% after three minutes.  

 

To summarize, there have been conflicting studies using cross-sectional studies with elite 

athletes. Whereas, studies using National Collegiate Athletic Association (NCAA) Division I 

female basketball players (Egan et al., 2006), elite gymnasts (Di Cagno et al., 2010), and 

Division II female volleyball players (Dalrymple et al., 2010) reported no static-stretch-

induced effect on subsequent peak torque or power and jumps, respectively, whereas another 

study employing Louisiana University track and field athletes found decreased sprint times 

following static stretching (Winchester et al. 2008).  

 

In addition, actively trained American college-aged women did not experience any significant 

impairment in vertical jump (Unick et al., 2005) following static or ballistic stretching. A 

group of elite Tunisian athletes demonstrated no negative effects from sequencing static, 

dynamic stretches and different intensities of stretch (eight combinations) on sprint, agility 

and jump performance (Chaouachi et al., 2010). Finally, Little and Williams (2006) reported 

no effect of static stretching on sprint times of highly trained male professional soccer 

players.  

 

It is difficult to draw definitive conclusions from these studies, as a variety of stretch 

durations were utilized (45 seconds to above 2 minutes per muscle group), as well as a 

potential gender effect impacting the variability in the results. 

 

Behm and Chaouachi (2011) analysed the results from 99 studies that involved a static 

stretching intervention and measured either force or jump height. Statistical analysis 
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conducted between the groups revealed the lack of significant difference between the groups 

of trained versus untrained studies. 

 

Only several studies have examined subjects beyond the typical university age. Handrakis et 

al. (2010) examined trained and active middle-aged adults and found no significant stretch-

induced impairments in broad jump, single, triple, crossover and 6 meter timed hop 

performances after four stretches with three repetitions of 30 seconds each (90 seconds total 

for each muscle) for lower limb muscles. Interestingly, static stretching actually improved 

dynamic balance. 

 

In contrast, older untrained women (mean 64.6 years ± 7.1) experienced maximal voluntary 

contraction strength deficits following three repetitions of 30-second static stretches (Gurjao 

et al. 2009). 

 

Therefore, there is no consensus from the literature indicating an effect of training experience 

on the resistance to static stretch-induced deficits in performance. 

 

2.15. Effects of Stretching on Jumping Performance 
Muscular strength is one of the most important factors in performing the vertical jump (Stone 

et al., 2007). If stretching has the acute effect of reducing performance in strength, it would 

be expected to reduce that of jumping as well (Rubini et al. 2007). 

 

Several studies have investigated the acute effect of stretching exercises on vertical jump 

performance. The studies by Cornwell et al. (2001), Cornwell et al. (2002), Young and Behm 
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(2003), Robbins and Scheuermann (2008), and Wallmann et al. (2005) found decreases in 

vertical jump or counter movement vertical jump performance after static stretching ranging. 

 

Cornwell et al. (2001) found a 4.4% decrease in vertical jump and a 4.3% decrease in a 

counter movement vertical jump after 90 seconds of knee and hip extensor static stretching. 

In a second study by Cornwell et al. (2002), the counter movement vertical jump deceased by 

7.3% after 3 minutes of static stretching of the triceps surae muscle group. Young and Behm 

(2003) demonstrated a 3.2% drop in vertical jump after 2 minutes of static stretching on the 

quadriceps and plantar flexors. Robbins and Scheuermann (2008) showed a progressive 

decline in vertical jump performance when static stretching of the quadriceps, hamstrings and 

calves increased from 30 seconds to 90 seconds. Finally, Wallmann et al. (2005) showed a 

5.6% decrease in vertical jump performance after 90 seconds of static stretching on the 

gastrocnemius.  

 

Church et al. (2001) reported a significant decrease in jumping performance when this was 

preceded by PNF stretching, but not by static stretching. This confirms the findings of Power 

et al. (2004), Unick et al (2005), Ce et al. (2008) and Knudson et al. (2001) who investigated 

the effects of static stretching and also found no significant decreases in vertical jump 

performance. Power et al. (2004) used 4.5 minutes of static stretching on the quadriceps, 

hamstrings and plantar flexors. Unick et al. (2005) used 3 minutes of static stretching on the 

quadriceps, hamstrings and plantar flexor. Knudson et al. (2001) used 45 seconds of static 

stretching on the quadriceps, hamstrings and plantar flexor. And Ce et al (2008) used 2 

minutes of static stretching on the quadriceps, hip flexors, hamstrings and calves. 
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Recently, Wallmann et al. (2008) found no negative effect of static stretching for 90 seconds 

of the gastrocnemius on vertical jump height when combined with 90 seconds of dynamic 

activity (hopping) prior to testing.  

 

To examine whether level of flexibility impacts jumping performance, using a correlation 

study design, Behm, et al. (2006) investigated the effect of prolonged stretch training on 

isometric force production and drop jump performance in nine men and nine women 

participants  

 

Participants statically stretched their quadriceps, hamstrings and plantar flexors three times 

each for 30 seconds with 30 seconds recovery. Subjects were tested pre and post stretch for 

range of motion, knee extension maximum voluntary isometric contraction force and drop 

jump measures.  

 

A separate training study with twelve involved a four-week, five-days per week, flexibility 

training program that involved stretching of their quadriceps, hamstrings and plantar flexors 

three times each for 30 seconds with 30 seconds recovery. Pre and post training testing 

included range of motion as well as knee extension and flexion maximum voluntary isometric 

contraction force, drop and countermovement jump measures conducted before and after an 

acute bout of stretching.  

 

A one way repeated measures ANOVA revealed that an acute bout of stretching incurred 

significant impairments for knee extension (-6.1% to - 8.2%; p < 0.05) and flexion (-6.6% to 

-10.7%; p < 0.05) maximum voluntary isometric contraction force, drop jump contact time 

(5.4% to 7.4%; p < 0.01) and countermovement jump height (-5.5% to -5.7%; p < 0.01).  
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The correlation study showed no significant relationship between range of motion and 

stretch-induced deficits. There was also no significant effect of flexibility training on the 

stretch-induced decrements. The authors noted that it was probable that because the stretches 

were held to the point of discomfort with all testing, the relative stress on the muscle was 

similar resulting in similar impairments irrespective of the range of motion or tolerance to 

stretching of the muscle. 

 

To examine potential time-course changes in jumping performance between stretching 

methods, Curry et al. (2009) investigated the effect of three warm-up protocols; static 

stretching, dynamic stretching, and light aerobic activity on selected measures of range of 

motion and power in 24 (ages 23–29 years) untrained females. The study investigated the 

sustained effects at five and thirty minutes after warm-up.  

 

Participants attended one familiarization session and three test sessions on non-consecutive 

days within two weeks. A within-subject design protocol with the testing investigators 

blinded to the subjects’ warm-up was followed. 

 

Each session started with five minutes of light aerobic cycling followed by pretest baseline 

measures. Another five minutes of light aerobic cycling was completed and followed by one 

of the three randomly selected warm-up interventions (static stretching, dynamic stretching, 

or light aerobic activity). The following posttest outcome measures were collected five and 

30 minutes following the intervention: modified Thomas test, countermovement jump and 

isometric time to peak force knee extension. 
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The static stretching protocol included the following stretches; gluteal stretch, modified 

hurdler’s stretch, hip flexor stretch, quadriceps stretch and soleus stretch. All stretches were 

performed unilaterally, alternating legs between each stretch so that both lower extremities 

were stretched. Each stretch was held for 12 seconds and repeated three times. Subjects were 

instructed to stretch to the point of maximum tolerance. Each muscle received 12 seconds of 

rest while the opposite limb was stretched. 

 

The dynamic stretching protocol consisted of ten minutes of controlled movement through 

the active range of motion for each of the following six lower-extremity muscle groups; (1) 

gluteals, (2) hamstrings, (3) quadriceps, (4) hip flexors, (5) gastrocnemius and (6) soleus. 

Subjects completed two sets of ten repetitions on each leg reciprocally, with a walk back 

recovery between sets, of the following nine movements listed here: Side leg swing, forward 

leg swing, lateral side step, bilateral hops, high knees, leg kick backs, running cycles (ABCs), 

straight leg skipping and walking lunges. 

 

A two-way repeated measures ANOVA revealed significant time effects on range of motion 

and countermovement jump changes. No significant differences were found between the 

warm-up conditions on any of the variables. The researchers concluded that the variation in 

response to warm-up conditions emphasize the unique nature of individual reactions to 

different warm-ups. The authors noted that there was a tendency for warm-ups with an active 

component to have beneficial effects. Thus, the data suggests dynamic stretching has greater 

applicability to enhance performance on power outcomes compared to static stretching. 

 

It is possible that conflicting results could be explained by the different methods used for 

stretching or by the absence of information regarding reliability and precision of these 
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methods (Rubini et al. 2007), for example Church et al. (2001) did not report the total 

stretching duration of the treatment group. 

 

2.16. The Effects of Stretching on Movement Velocity  
Several research groups have shown that static stretching has a negative effect on sprinting 

performance. Fletcher and Jones (2004) and Nelson, et al. (2005b) demonstrated that static 

stretching of the lower limbs negatively impacted 20-meter sprint performance. Winchester, 

et al. (2008) found that static stretching inhibits 40-meter sprint performance. Siatras et al. 

(2004) showed that acute static stretching has an inhibitory effect in running speed in young 

gymnasts.  

 

Noffal et al. (2004) demonstrated that a pre-exercise static stretching produced a significant 

decrement in high-speed throwing performance and shoulder concentric torque at 3.14 rad/s-

1. Similarly, Cramer, et al. (2004) showed that static stretching decreases knee concentric 

isokinetic peak torque in women at angular velocities of 60°s-1 and 240°s-1. 

 

In contrast, the study by Torres, et al. (2008) found static stretching to have no effect on 

upper body throwing performance. The authors, however, explained the disparity of their 

findings to that of the body of literature by a significant rest period (5 minutes) between the 

stretching and the testing. Knudson, et al. (2005) demonstrated that static stretching had no 

influence on muscular performance during a tennis serve, using radar measurements of ball 

and serving speed. Interestingly, this study used a total-body stretching routine and measured 

performance in a whole-body movement; therefore, its application to specific muscle group 

performance is limited. 
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2.17. Acute Effects of Static and PNF Stretching on Local Muscular Endurance 

Performance 
Despite the well documented negative effects of prior stretching on maximal force 

production, Static stretching may not affect or possibly augment performance with dynamic 

stretch shortening cycle activities or contractions that involve a longer period for the storage 

of elastic energy. Submaximal running speed with longer stretch shortening cycles, relatively 

long ground contact times, application of forces over more prolonged periods and eccentric 

contractions may not be adversely affected by prior static stretching.  

 

Several investigations have addressed the effects of static and PNF stretching on muscular 

endurance. Studies that have implemented static stretching immediately prior to testing have 

demonstrated decreased running economy (Wilson et al., 2010); others have shown no effect 

(Hayes and Walker, 2007) or decreased (Godges et al., 1989) energy cost with running. An 

acute bout of stretching did not reduce the maximum duration of time that runners could 

continue at their maximal oxygen uptake (VO2max) (Samogin Lopes et al., 2010). This 

discrepancy in running-related findings may be related to the type of contraction or action, as 

noted above. 

 

Gomes et al. (2011) examined the acute effects of the static and proprioceptive 

neuromuscular facilitation (PNF) stretching methods on local muscular endurance 

performance at intensities between 40 and 80% of 1 repetition maximum (1RM) for the knee 

extension and bench press exercises in fifteen male non-athlete participants (23.9 ± 4.3 years; 

174.5 ± 8.5 cm; and 77.8 ± 7.6 kg). 
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Participants were assigned to nine randomly ordered experimental conditions, in which all 

subjects performed endurance tests at 40, 60, and 80% of 1RM, preceded by static stretching, 

PNF, and no stretching in the knee extension and bench press exercises.  

 

The static stretching protocol involved a stretch for the chest and shoulder girdle and a stretch 

for the quadriceps. Three sets were used for each protocol, holding the position at a point of 

slight discomfort for thirty seconds in each set. For the PNF procedure, three sets of six 

seconds of isometric contraction were performed, and then a lengthened position was held for 

thirty seconds. A thirty second rest period was provided between the stretching sets.  

 

A one-way repeated-measures ANOVA revealed an influence of stretching for all intensities 

only when the PNF treatment was used. Significant differences (p < 0.05) were found in the 

knee extension exercise, with reductions in the number of repetitions when comparing PNF 

40% 1RM (23.7 ± 2.7) to no stretching 40% 1RM (27.5 ± 3.6); PNF 60% 1RM (12.6 ± 2.8) 

to static stretching 60% 1RM (16.5  ± 4.1) and no stretching 60 %1RM (17.3  ± 3.2); and 

PNF 80% 1RM (6.3 ± 1.7) to static stretching 80% 1RM (9.9 ± 2.5) and no stretching 80% 

1RM (9.8 ± 2.3) conditions.  

 

Significant differences (p < 0.05) were also found for the bench press exercise with decreases 

in the number of repetitions when comparing PNF 60% 1RM (13.7 ± 2.8) to no stretching 

60% 1RM (17.0 ± 3.0) and PNF 80% 1RM (6.2 ± 2.2) to no stretching 80% 1RM (8.7 ± 2.3) 

conditions.  

 

The results from this study suggest that for the intensities examined (40, 60, and 80% 1RM), 

only the PNF method decreased muscle endurance. The authors concluded by advising 
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strength and conditioning professionals to consider avoiding PNF stretching before activities 

requiring local muscular endurance performance. 

 

2.18. The Effect of Static and PNF Stretching on Sports Specific Movement 
Several studies have examined the impact of stretching on sports specific movement-based 

tests, with disparate findings. Two recent studies investigated indices of soccer performance 

in professional players (Amiri-Khorasani, et al., 2010; Fletcher and Monte-Colombo, 2010). 

Gergley (2010) studied well trained golf players. Molacek et al. (2010) and Torres et al. 

(2008) examined 1RM bench press, and related performance tests. 

 

Amiri-Khorasani, et al. (2010) examined the effects of static, dynamic, and the combination 

of static and dynamic stretching within a pre-exercise warm-up on the Illinois agility test in 

nineteen young adult professional soccer players (age = 22.5 ± 2.5 years, height = 1.79 ± 

0.003 m, body mass = 74.8 ± 10.9 kg). 

 

Participants were tested for agility performance using the Illinois agility test after different 

warm-up protocols consisting of static, dynamic, combined stretching, and no stretching.  

 

The static stretches were performed on the principal locomotive leg muscle groups: 

gastrocnemius, hamstrings, hip flexor, quadriceps, gluteals, and the adductors. The subjects 

held the stretch for thirty seconds on one leg before changing immediately to the contralateral 

side. Participants were told to stretch until they approached the end of the range of motion but 

within the pain threshold.  
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Subjects performed the dynamic stretches on alternate legs for sixty seconds at a rate of 

approximately one stretch cycle every two seconds or unilaterally for thirty seconds, then 

they repeated on the other leg at a rate of approximately one stretch cycle every second. The 

dynamic stretches used included the backward reach run (quadriceps) lateral lunge 

(adductors), drop lunge (gluteals), and straight leg march (hamstrings), and the heel to-toe 

walk (gastrocnemius), where the subject landed in maximal dorsiflexion and moved to 

maximal plantar flexion with each step. Subjects were instructed to try and attain maximal 

range of motion with each repetition. 

 

In the combined stretching protocol, subjects performed the same movements, thereby 

stretching the same muscles, as the static and dynamic stretching protocols, but they 

performed at first static stretching protocol and then performed dynamic stretching protocol. 

 

The players were subgrouped into less and more experienced players (5.12 ± 0.83 and 8.18 ± 

1.16 years, respectively). There were significant decreases in agility time after no stretching, 

among no stretching vs. static stretching; after dynamic stretching, among static vs. dynamic 

stretching; and after dynamic stretching, among dynamic vs. combined stretching during 

warm-ups for the agility; mean ± SD data were 14.18 ± 0.66 seconds (no stretch), 14.90 ± 

0.38 seconds (static), 13.95 ± 0.32 seconds (dynamic), and 14.50 ± 0.35 seconds (combined).  

 

There was significant difference between less and more experienced players after no 

stretching and dynamic stretching. There was significant decrease in agility time following 

dynamic stretching vs. static stretching in both less and more experienced players. The data 

from this study indicates that static stretching does not appear to be detrimental to agility 

performance when combined with dynamic warm-up for professional soccer players. 
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However, the authors noted that dynamic stretching during the warm-up was most effective 

as preparation for agility performance with the data suggesting that more experienced players 

demonstrate better agility skills due to years of training and playing soccer. 

 

Fletcher and Monte-Colombo (2010) investigated the effect of different warm-up stretch 

modalities on specific high-speed motor capabilities important to soccer performance in 

twenty-seven male soccer players. 

 

The participants performed three warm-up conditions, active warm-up, active warm-up with 

static stretching, and active warm-up with dynamic stretching. Heart rate, countermovement 

jump, twenty-m sprint, and Balsom agility tests were performed after each intervention.  

 

The active warm-up involved the participants jogging at a self-selected pace for five minutes. 

Muscles stretched in the static stretching intervention included the hamstrings, quadriceps, 

abductors, adductors, gluteus maximus, hip flexors, gastrocnemius, and solei. Static stretches 

were held at a point of mild discomfort for fifteen seconds per muscle (a feeling of tightness 

in the musculotendinous unit but without pain), and repeated twice for the hamstring, 

quadriceps, gastrocnemius, and solei muscle and repeated once on the adductors, abductors, 

hip flexors, and gluteus maximus, totalling three minutes per leg of static passive stretching 

of the lower limbs musculature.  

 

The dynamic stretching protocol consisted of the five-minute self-selected–paced jog 

followed by a series of lower body dynamic stretches. The exercises chosen were heel flicks, 

high knees, hip rolls, walking on toes, straight leg skipping, and walking lunges. Stretches 

were designed to stretch the same muscles as the static stretching protocol. The movements 
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were carried out 12 times for each muscle and repeated twice totalling 144 repetitions (a walk 

back recovery was employed between exercise sets to minimize any chances of fatigue). The 

stretches were considered active/dynamic stretches as the movements were carried out while 

jogging. 

 

A repeated-measures ANOVA revealed that vertical jump heights were significantly greater 

(p < 0.01) in the active warm-up and the active warm-up with dynamic stretching conditions 

compared to those in the active warm-up with static stretching trial. The 20-meter sprint and 

agility times showed that the active warm-up with static stretching condition was 

significantly slower (p < 0.01) than the active warm-up and the active warm-up with dynamic 

stretching conditions, with the active warm-up with dynamic stretching trial being 

significantly faster (p < 0.05) than the active warm-up condition. Heart rate was significantly 

higher (p < 0.01) for participants post active warm-up and the active warm-up with dynamic 

stretching trials compared to the active warm-up with static stretching condition. 

 

The findings from this study suggest that the superior performance of the dynamic stretch and 

warm-up only conditions compared to the static stretch condition may be linked to increases 

in heart rate. The authors conclude that for optimal muscular performance, specific dynamic 

stretches be employed as part of a warm-up rather than the traditional static stretches. 

 

Gergley (2010) investigated the effect of two different warm-up treatments over time on 

driver clubhead speed, distance, accuracy, and consistent ball contact in nine young male 

competitive golfers.  
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Two supervised warm-up treatments, an active/dynamic warm-up with golf clubs and a 

twenty-minute total body passive static stretching routine plus an identical active/dynamic 

warm-up, were applied before each performance testing session using a counterbalanced 

design on non-consecutive days. The active/dynamic warm-up involved the following six 

swing routines: Ten practice swings with a 1.13-kg weighted club, three full-swing shots with 

a sand wedge, three full-swing shots with 8 iron, three full-swing shots with 4 iron, three full-

swing shots with fairway metal wood, and three full -wing shots with driver. The static 

stretching routine involved 12 exercises held for ten seconds, repeated three times for the 

following muscle groups or movements; neck, chest, posterior shoulder, inferior shoulder, 

lateral trunk, quadriceps, back extensors, prone back, reverse trunk, trunk twist, hamstring 

and calves. 

 

Immediately after the active/dynamic treatment, subjects were instructed to hit three full 

swing golf shots with their driver with one-minute rest between trials. Immediately after the 

static stretching and active/dynamic treatment, subjects were instructed to hit three full-swing 

golf shots with their driver at 0 and thereafter at 15, 30, 45, and 60 minutes with one-minute 

rest between swing trials to determine any latent effects of static stretching on golf driver 

performance measures.  

 

Results of paired t-tests revealed significant (p< 0.05) decreases in clubhead speed at 0 

minutes (-4.92%), 15 minutes (-2.59%), and 30 minutes (-2.19%) but not at 45 minutes 

(-0.95) or 60 minutes (-0.99). Significant differences were also observed in distance at 0 

minutes (-7.26%), 15 minutes (-5.19%), 30 minutes (-5.47%), 45 minutes (-3.30%) and 60 

minutes (-3.53%). Accuracy was significantly impaired at 0 minutes (61.99%), 15 minutes 

(58.78%), 30 minutes (59.46%), and 45 minutes (61.32%) but not at 60 minutes (36.82%). 
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Lastly, consistent ball contact was significantly reduced at 0 minutes (-31.29%), 15 minutes 

(-31.29%), 30 minutes (-23.56%), 45 minutes (-27.49%), and 60 minutes (-15.70%). The data 

from this study suggests that active/dynamic specific warm-up drills are superior to static 

stretching when preparing for golf performance. 

 

Molacek et al. (2010) examined the effects of acute low and high-volume static and 

proprioceptive neuromuscular facilitation (PNF) stretching on 1-repetition maximum (1RM) 

bench press. Fifteen healthy male National Collegiate Athletic Association (NCAA) Division 

II football players completed five different stretching protocols integrated with a 1RM 

dynamic warm-up routine followed by 1RM testing in randomly assigned order. The 

protocols included; (a) non-stretching, (b) low-volume PNF stretching, (c) high-volume PNF 

stretching, (d) low-volume static stretching and (d) high-volume static stretching.  

 

Two and five sets of stretching were completed for the low and high-volume protocols, 

respectively. The stretching protocols targeted triceps, using the overhead triceps partner 

stretch, and chest/shoulder muscle groups using the chest/shoulder partner stretch. The same 

investigator performed each stretch on all subjects to ensure consistency in stretching 

procedure. 

 

The low volume PNF stretch protocol included two sets of each stretch. Each subject was 

immediately stretched to a position of moderate tension and then isometrically contracted the 

agonist muscles against resistance applied by the investigator at 75% of perceived maximal 

effort for five seconds. A ten second relaxation period was followed by ten seconds of 

passive static stretching to a point of moderate tension. The high volume PNF stretch 

protocol included five sets of each stretch, completed in the same manner as the low volume 
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PNF stretch protocol above. The low volume static stretch protocol consisted of two sets of 

each stretch, in which the investigator stretched each subject to a position of moderate tension 

and held it for twenty seconds. The high volume static stretch protocol included five sets of 

the same stretches, but each was held for thirty seconds. 

 

Subjects first performed the overhead triceps partner stretch. Each stretch was performed in 

succession alternating to opposite sides of the body. After the overhead triceps stretch was 

completed, the chest/shoulder partner stretch was performed. A sixty second rest interval was 

required between each set of stretching. 

 

A one-way ANOVA with repeated measures was used to determine mean differences 

between the five stretching interventions and for determining the effect of testing order. 

Effect size estimates were calculated using partial eta squared. There were no significant 

differences found in 1RM bench press performance among any of the stretching protocols of 

no stretching (129.7 ± 3.3 kg), low volume PNF stretching (128.9 ± 3.8 kg), high volume 

PNF stretching (128.3  ± 3.7 kg), low volume static stretching (129.7 ± 3.7 kg), and high 

volume static stretching (128.2 ±  3.7 kg).  

 

The authors concluded that low and high-volume PNF and static stretching have no 

significant acute effect on 1RM bench press in resistance-trained collegiate football players. 

The results of this study suggest that resistance-trained athletes can include either; (a) a 

dynamic warm-up with no stretching or (b) a dynamic warm-up in concert with low or high-

volume static or PNF flexibility exercises before maximal upper body isotonic resistance-

training lifts, if adequate rest is allowed before performance. This confirms the findings of 
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Torres et al. (2008), who found no change in upper body pressing strength and power 

parameters after static stretching. 

 

To summarize, studies investigating the effect of prior flexibility on sports specific 

movements have demonstrated mixed results. Amiri-Khorasani, et al. (2010) showed that 

static stretching is not detrimental to agility performance when combined with dynamic 

warm-up for professional soccer players. In contrast, Fletcher and Monte-Colombo (2010) 

found that specific dynamic stretches as part of a warm-up was superior to traditional static 

stretches in elite soccer players. Gergley (2010) demonstrated that active/dynamic specific 

warm-up drills are superior to static stretching when preparing for golf performance and 

finally, Molacek et al. (2010) found that both low and high-volume PNF and static stretching 

have no significant acute effect on 1RM bench press in resistance-trained collegiate football 

players.  

 

2.19. The Acute Effect of Dynamic Stretching on Muscular Performance 
Dynamic stretching is a method of flexibility development that involves controlled movement 

through the active full range of motion for a joint (Fletcher, 2010; McAtee & Charland, 

2007). Studies utilizing dynamic stretching have shown either facilitation of power (Manoel 

et al., 2008; Yamaguchi et al., 2008) sprint (Fletcher & Anness, 2007; Little & Williams, 

2006) and jump (Holt & Lambourne 2008; Hough et al. 2009; Jaggers et al. 2008; Pearce et 

al. 2009) performance or no adverse effect (Christensen & Nordstrom 2008; Samuel et al. 

2008; Torres et al. 2008; Unick et al. 2005).  

 

The literature studying the effect of dynamic stretching tends to indicate that shorter 

durations of dynamic stretching do not adversely affect performance, and longer duration of 
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dynamic stretches may facilitate muscular performances (Hough et al., 2009; Pearce et al. 

2009; Yamaguchi et al., 2008).  

 

Behm and Chaouachi (2011) performed an ANOVA comparing percentage changes in 

dynamic stretching studies (Bacurau et al., 2009; Beedle et al., 2008; Bradley et al., 2007; 

Christensen & Nordstrom 2008; Gelen 2010; Jaggers et al., 2008; Papadopoulos et al., 2005; 

Samuel et al., 2008; Sekir et al., 2009; Torres et al., 2008; Unick et al., 2005) involving force 

and isokinetic power and found significant (p = 0.006) performance enhancements with more 

(7.3% ± 5.3) compared with less (0.5% ± 2.3) than 90 seconds of dynamic stretching. Thus, 

several authors have suggested that dynamic stretching is preferable to static stretching as 

part of a warm-up designed to prepare for physical activity due to the close similarity to 

movements that occur during subsequent exercises and the augmentation of muscular 

performance (Behm & Chaouachi, 2011; Torres et al., 2008; Young and Behm, 2002; Young, 

2010). 

 

Ten minutes of dynamic warm-up activities, such as stretching or aerobic activity, have been 

reported to result in improvements in shuttle run time, medicine ball throw distance and five 

step jump distance (McMillian et al., 2006), as well as a tendency for increased jump height 

(Curry et al. 2009).  

 

Hough et al. (2009) instituted seven minutes of dynamic stretching resulting in increased 

vertical jump height and EMG activity. Furthermore, there have also been studies with 

shorter durations of dynamic stretching that demonstrated facilitation of performance. Herda 

et al. (2008) used four sets of three dynamic stretches of 30 second each and found increased 

EMG and mechanomyogram activity. Similarly, Manoel et al. (2008) reported improved knee 
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extensor power at 60o and 180o /second with three repetitions of 30-second dynamic stretches. 

Another factor to consider is the intensity of the dynamic stretching. Dynamic stretch studies 

are inconsistent in their description of stretch intensity making it difficult to compare between 

studies. 

 

Although some studies do not report the intensity (e.g. frequency or range of motion) 

(Dalrymple et al., 2010; Manoel et al., 2008), others control the dynamic stretch intensity by 

reporting the frequency of movement (Bacurau et al., 2009; Fletcher, 2010; Mohammadtaghi 

et al., 2010). Herman and Smith (2008) as another example used a combination of dynamic 

activities and stretches and indicated that they were performed at a slow to moderate cadence, 

but this was not precisely defined. A further complication is the definition of dynamic 

stretching, description in the studies of the used mobility exercises and the difference 

between dynamic activities and dynamic stretches.  

 

Dynamic stretching has gained popularity, due to a number of studies showing an increase in 

high intensity performance compared to static stretch modalities (Curry et al., 2009). What is 

less known is the precise speed at which dynamic stretching should be performed. 

Accordingly, Fletcher (2010) studied 24 males who performed a standardized 10-minute jog 

warm-up followed by either; no stretching, slow dynamic stretching at 50 beats/minute or fast 

dynamic stretching at 100 beats/minute. 

 

Post warm-up, squat, countermovement and depth jumps were performed. Heart rate, 

tympanic temperature, electromyography and kinematic data (100 Hz) were collected during 

each jump. Results indicated that the fast dynamic stretching condition showed significantly 

greater jump height in all tests compared to the slow dynamic stretching intervention and no 
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stretching condition. Furthermore, the slow dynamic stretching trial resulted in significantly 

greater performance in the drop and squat jump compared to the no stretching condition.  

 

The authors have shown that dynamic stretching activities at 100 beats/min resulted in 

significantly greater countermovement jump and drop jump heights than dynamic stretching 

activities using 50 beats/minute. However, even the lower frequency dynamic stretching (50 

beats/min) showed significantly greater performances in the jumps than the no stretch 

condition (Fletcher 2010).  

 

Although there is no clear distinction regarding the duration of dynamic stretching needed to 

enhance performance, there is some evidence that dynamic stretching does not impair 

performance. As some studies have indicated that dynamic stretching provides similar acute 

increases in static flexibility as static stretching (Beedle & Mann 2007; Herman & Smith 

2008) and the use of dynamic rather than static stretching for the warm-up would tend to be a 

more judicious choice. 

 

2.20. Influence of Gender  
Many studies have investigated the acute effects of stretching on performance in males and 

few in females (Evetovich et al., 2003; Fowles et al., 2000; Knudson et al., 2001; 2004; 

Kokkonen et al., 1998; Marek et al., 2004; Nelson et al., 2001a; 2001b; 2001c; Young & 

Behm, 2003). Substantial investigations examining the acute effects of stretching on 

performance in males have occurred (Avela et al., 1999; Behm et al., 2004; 2001; Cornwell et 

al., 2002; Cramer et al., 2005; Kubo et al., 2005; Power et al., 2004; Rosenbaum and Hennig, 

1995; Siatras et al., 2003; Weir et al., 2004; Young et al., 2004; Young and Elliot, 2001). 
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In contrast, studies utilizing females have been limited and suggesting more research is 

required in this area (Egan et al., 2006; Cramer et al., 2006; 2004; Church et al., 2001; 

McNeal et al., 2003; Unick et al., 2005). The current body of literature does not suggest 

gender difference exists between males and females (Evetovich et al., 2003; Fowles et al., 

2000; Knudson et al., 2001; 2004; Kokkonen et al., 1998; Marek et al., 2004; Nelson et al., 

2001a; 2001b; 2001c; Young and Behm, 2003).  

 

2.21. Effect of Combined Static Stretching with Dynamic Activities 
Traditionally, the warm-up process has included three steps which incorporate an aerobic 

warm-up, static stretching followed by dynamic skill rehearsal activities (Young & Behm, 

2002). The majority of the static stretching studies, however, have studied static stretching in 

isolation (Behm and Chaouachi, 2011).  

 

Several studies have investigated the influence of combined static stretching and dynamic 

activities on performance, with disparate findings. For example, Taylor et al., (2009) 

conducted a study with the purpose of evaluating whether the decline in muscular 

performance normally associated with static stretching pervades when the static stretching is 

conducted prior to a sport specific warm-up. 

 

Thirteen netball players completed two experimental warm-up conditions. Day one warm-up 

involved a submaximal run followed by fifteen minutes of static stretching and a netball 

specific skill warm-up. Day two followed the same design; however, the static stretching was 

replaced with a 15-minute dynamic warm-up routine to allow for a direct comparison 

between the static stretching and dynamic warm-up effects.  
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Participants performed a countermovement vertical jump and 20-meter sprint after the first 

warm-up intervention (static or dynamic) and also after the netball specific skill warm-up. 

The static stretching warm-up consisted of nine unassisted static stretching exercises to the 

point of minor discomfort for the lower body, which included (1) standing calf stretch, (2) 

kneeling Achilles tendon stretch, (3) seated hamstring stretch, (4) seated gluteus maximus 

stretch leaning forward with one foot on the leg, (5) standing quadriceps stretch, (6) lying 

lower back stretch, (7) seated groin stretch, (8) kneeling hip flexor stretch and (9) quadratus 

lumborum stretch. All stretches were held for 30 seconds each, with stretches (1) to (6) 

repeated twice for each limb and stretches (7) to (9) only repeated once on each limb. The 

entire static stretching protocol took approximately 15 minutes. 

 

The exercises included in the dynamic warm-up intervention were fifteen whole body, 

closed-skill movements emphasizing range of motion and gradually progressing in intensity. 

Each exercise repetition was followed by ten to 15 seconds rest. The dynamic warm-up also 

lasted approximately 15 minutes.  

 

On both days, subsequent to the static and dynamic warm-up, players also completed a sport 

specific skill warm-up that was designed to replicate their usual pre-game preparation. This 

included an additional 15 minutes of various netball specific, open-skilled ball drills that 

consisted of various combinations of short sprints (ranging from 5 to 10 meters), shuffling, 

accelerations (i.e. 3–4 steps), changes of direction and various jumps (single and double leg). 

The drills in this component of the warm-up were generally completed just below or at game 

intensity. 
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Using paired t-tests and Cohen’s effect size (ES) calculations, Taylor et al. (2009) found that 

the static stretching condition resulted in significantly lower performance than the dynamic 

warm-up in vertical jump height (−4.2%, 0.40 ES) and 20-meter sprint time (1.4%, 0.34 ES) 

(p < 0.05). However, the researchers found no significant differences in either performance 

variable when the skill-based warm-up was preceded by static stretching or a dynamic warm-

up routine.  

 

The findings of Taylor et al. (2009) suggest that the practice of a subsequent high-intensity 

skill-based warm-up restored the differences between the two warm-up interventions and the 

negative impact static stretching exerted on muscular performance. The authors concluded 

that if static stretching is to be included in the warm-up period, it is recommended that a 

period of high-intensity sport-specific skills-based activity is included prior to the on-

court/field performance. 

 

In contrast to the finding of Taylor et al. (2009), several studies have demonstrated that static 

stretching still exerts a negative influences upon subsequent performance even when 

combined with a prior aerobic warm-up (Behm et al., 2001; Behm & Kibele, 2007; Ce et al., 

2008; Fletcher & Anness, 2007; Holt & Lambourne, 2008; Pearce et al., 2009; Power et al., 

2004; Vetter, 2007), a dynamic warm-up (Wallmann et al., 2008; Winchester et al., 2008) or 

post-stretch skill rehearsal (Young & Behm 2003). 

 

Illustrative of this point, is the study by Vetter (2007), who investigated 26 active college-age 

men (n=14) and women (n=12) to compare the effects of six warm-up protocols, with and 

without stretches, on 20 meter sprint run and a vertical countermovement jump.  
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The six protocols were; (1) walk plus run, (2) walk plus run and exercises with small jumps, 

(3) walk plus run and dynamic active stretch with small jumps, (4) walk plus run with 

dynamic active stretch (5) walk plus run with static stretch and exercises with small jumps 

and (6) walk plus run with static stretch. The participants performed each of six randomly 

ordered exercise routines prior to the randomly ordered sprint and vertical jump field tests. 

Each routine and subsequent tests were performed on separate days.  

 

The dynamic active stretch component was performed slowly (3-second count into the stretch 

position and 3-second count return from the stretch to neutral stance), smoothly and 

continuously, so that no ballistic, abrupt movements occurred at any time. The stretches 

included; (a) eight demi-plie´s with feet 8 centimetres apart (a squat-type knee bend with 

heels kept on the floor and torso upright), (b) eight Achilles stretches per side, alternating 

unilateral heel stretch (reach one foot backward as far as possible with the heel descending to 

touch the floor so the Achilles can be put on a near-maximal stretch), (c) quadriceps, eight 

per side alternating a back-parallel position thigh lift (no outward rotation in the hip socket), 

from upright standing, with a simultaneous reach and attempted touch of the heel toward the 

buttocks; and (d) eight per side, alternating a unilateral front, full straight leg lift with flexed 

ankle (dorsiflexion), from upright standing and moving the leg as high as possible without 

compromising the erect posture of the torso.  

 

The static stretch component was similar to the active stretches described above with the 

following differences; (a) the demi-plie´ position was held for 30 seconds, released into 

standing for ten seconds, and then repeated for another 30 seconds, (b) the Achilles stretch 

for the first side was held 30 seconds, released to standing, and then immediately followed 

with a 30 second heel stretch on the second side. This was then repeated; (c) the quadriceps 
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stretch also was performed alternating first and second sides, each with a 30 second hold; (d) 

the hamstring and gluteus stretch was performed alternating first and second sides, each with 

a 30 hold; the raised leg was supported and held by a partner or bar at the maximal height that 

elicits a stretch while keeping the knee straight.  

 

A two x 6 repeated measures ANOVA revealed a significant overall linear trend (p ≤ 0.05) 

with a general tendency toward reduction in jump height when examined in the following 

analysis with entry order of (1) to (6) above. The post hoc analysis pairwise comparisons 

showed the walk plus run protocol produced higher jumps than did walk plus run with static 

stretch (p = 0.003 ≤ 0.05) and walk plus run with dynamic active stretch plus exercises with 

small jumps produced higher jumps than did walk plus run with static stretch (p = 0.009). 

There were no significant differences found among the six protocols on sprint run 

performance. No significant interactions were found between gender and protocol. There 

were, however, significant absolute differences between men and women on the counter 

movement jump and sprint trials; as expected, in general men ran faster and jumped higher 

than the women did. The data indicate that a warm-up including static stretching may 

negatively impact jump performance but not sprint time.  

 

It must be noted that this study was a ‘field test’ and the instruments selected do not represent 

the sophistication or accuracy of other laboratory investigations in this area of research. 

Sprint times were measured using a stopwatch. Countermovement jump heights were 

measured using a field jump and reach test, thus making the conclusions of this study by 

Vetter (2007) of questionable value to the collective, larger body of research performed in 

this area. 
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In this manner, Pearce et al. (2009) investigated the vertical jump following static or dynamic 

stretching, and after a second bout of activity. Thirteen participants (male = 11, female = 2) 

completed three randomized testing sessions which included a five-minute warm-up, 

followed by a vertical jump on a force platform; an intervention of either static stretching, 

dynamic stretching, or control, followed by a second vertical jump.  

 

The static stretch protocol included exercises for the hamstrings, gastrocnemius, gluteals, hip 

flexors, and quadriceps. Each stretch was held for 30 seconds and repeated twice with 15 

seconds of rest in between stretches. The static stretching phase lasted between twelve and 

fifteen minutes. 

 

The dynamic stretch protocol included the following movements performed for 1-2 sets of 

ten repeats or 10 metres; such as walking high knee to chest, leg swinging with anterior-

posterior direction, leg swinging with medio-lateral direction, leg hurdler’s knee raise with 

forward movement, hurdler’s knee raise with reverse movement, heel ups, and tip-toe 

walking. The dynamic stretching phase lasted 12 to 15 minutes. 

 

After the stretching or control intervention, the participants then completed a series of sport 

specific movements, followed by a vertical jump, up to 60 minutes post activity. A one-way 

ANOVA with repeated measures was used to analyse the data. It was found that immediately 

following the intervention, there was a 10.7% difference in vertical jump between static and 

dynamic stretching. The second warm-up bout increased vertical jump height following the 

dynamic intervention, whereas the static stretching condition did not show any differences. 

Thus, the findings from this study demonstrate a second exercise bout does not reverse the 

effects of static stretching and is still detrimental to vertical jump. 
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In contract, Chaouachi et al. (2010) performed a follow-up sequencing study to their work 

with 13-15 year-old youths (Chaouachi et al., 2008) and investigated the effects of static and 

dynamic stretching alone and in combination on subsequent agility, sprinting, and jump 

performance on 22 highly trained male student-athletes.  

 

The research design involved eight different stretching protocols; (1) static stretch to point of 

discomfort, (2) static stretching less than to the point of discomfort, (3) dynamic stretching, 

(4) static stretching to the point of discomfort combined with dynamic stretching, (5) static 

stretching less than to the point of discomfort combined with dynamic stretching, (6) dynamic 

stretching combined with static stretching to the point of discomfort, (7) dynamic stretching 

combined with static stretching less than to the point of discomfort, and (8) a control warm-

up condition without stretching were implemented with a prior aerobic warm-up and 

followed by dynamic activities. Performance measurements included a 30-meter sprint, 

agility run, counter movement vertical jump and a five jump test. 

 

The stretching warm-up consisted of five different stretching exercises designed to stretch the 

plantar flexors (principally gastrocnemius and soleus), hip flexors (quadriceps), hamstrings, 

hip extensors (gluteals), and adductors. The static stretching and dynamic stretching exercises 

were repeated two times on each leg and were performed for a duration of 30 seconds with 

ten second recovery period between each exercise. 

 

ANOVA revealed that the control condition (4.2 ± 0.15 seconds) showed significant 

differences (p = 0.05) for faster times than the dynamic stretching combined with static 

stretching less than to the point of discomfort (4.28s ± 0.17) condition in the 30-m (1.9%) 
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sprint and no other significant differences found. The author’s speculated that the lack of 

stretch-induced impairments may have been attributed to the trained state of the participants 

or the amount of time used after stretching before the performance. Participants in this study 

were either professional or national level elite athletes who trained six to eight times a week 

with each session lasting approximately ninety minutes. The researchers concluded that 

trained individuals who wish to implement static stretching should include an adequate 

warm-up and dynamic sport specific activities with at least five or more minutes of recovery 

before their sport activity. The researchers also noted that the subjects were elite or 

professional athletes which may have played a role in the nonsignificant outcomes.  

 

Similarly, Gelen (2010) studied the acute effects of different warm-up methods on soccer 

performance in 26 professional soccer players. Participants performed four different warm-up 

routines in random order on non-consecutive days. The warm-up methods consisted of only 

five minutes of jogging, five minutes of jogging and static stretching, five minutes of jogging 

and dynamic exercise, and five minutes of jogging and a combination of static stretching and 

dynamic exercise. After each warm-up session, subjects were tested on the 30-meter sprint, 

slalom dribbling and penalty kick performance.  

 

Repeated measures ANOVA and post hoc comparisons revealed that static stretching 

exercises performed after low-intensity aerobics type jogging affect sprint, slalom dribbling, 

and penalty kick negatively influenced. Conversely, it was found that dynamic warm-up 

exercises affected sprint, slalom dribbling and penalty kick performances positively. 

 

It was found for sprint performances, a 0.39-second difference (8.5%) between 5 minutes of 

jogging and 5 minutes of jogging and static stretching, a 0.19-second difference ( 4.1%) 
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between 5 minutes of jogging and 5 minutes of jogging and dynamic exercise were found to 

be significant in terms of statistics (p < 0.01 and p < 0.03, respectively).  

 

It was found for slalom dribbling performances, a 0.24-second difference (% 4.1) between 5 

minutes of jogging and 5 minutes of jogging and static stretching, a 0.30-second difference 

(% 5.1) between 5 minutes of jogging and 5 minutes of jogging and dynamic exercise were 

found to be significant in terms of statistics (p < 0.02 and p < 0.01, respectively).  

 

It was found for penalty kick performances, a 2.09 km.h-1difference (% 2.1) between 5 

minutes of jogging and 5 minutes of jogging and static stretching, a 3.31 km.h-1 difference 

(% 3.3) between 5 minutes of jogging and 5 minutes of jogging and dynamic exercise were 

found to be significant in terms of statistics (p < 0.01 and p < 0.03, respectively). It was also 

found that combined static stretching, and dynamic exercises had no effect on sprint, slalom 

dribbling and penalty kick. 

 

The results of this study suggest that it may be desirable for soccer players to perform 

dynamic exercises before the performance of activities that require a high-power output, 

however, combined static and dynamic stretching with a prior aerobic warm-up causes no 

adverse effects upon sprint time, soccer dribbling ability or soccer penalty kick distance in 

well trained soccer players. 

 

Using jump ability as the key performance measurement, Murphy et al. (2010) examined 

whether range of motion could be improved with a short duration and volume of static 

stretching within a warm-up, without negatively impacting performance. Ten male 
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recreationally active participants completed two separate protocols to examine changes in 

range of motion and performance, respectively, with different warm-ups.  

 

The warm-up conditions for the range of motion protocol were (1) static stretching consisting 

of six repetitions of six second stretches for the hip extensors, knee extensors and the plantar 

flexors; ten minutes of running prior to the static stretching and five minutes of running 

before and after the static stretching.  

 

The performance protocol included a control condition of ten minutes of running. Measures 

for the range of motion protocol included hip flexion range of motion, passive leg extensor 

tension, and hamstring electromyographic (EMG) activity at pre-warm-up, and at 1, 10, 20, 

and thirty-minute post warm-up. Performance measures included countermovement jump 

height, reaction time, movement time and balance at pre-warm-up and at one and ten-minute 

post-warm-up.  

 

A one and two-way ANOVA with repeated measures were used to analyse the data. The five 

minutes of running before and after the static stretching produced greater range of motion 

overall than the static stretching and the ten minutes of running prior to the static stretching 

conditions (p< 0.0001), persisting for 30 minutes. There were no significant alterations in 

passive muscle tension or EMG.  

 

For the performance protocol, there were no main effects for condition, but there was a main 

effect for time, with counter movement jump height being greater at one and ten minutes 

post-warm-up (p = 0.0004). Balance ratios and movement time improved at ten minutes post-

warm-up (p< 0.0001).  
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Murphy et al. (2010) have demonstrated that five minutes of aerobic activity (running) before 

and after static stretching can provide range of motion improvements for thirty minutes with 

either facilitation or no impairment in performance.  

 

The lack of impairments in studies by Taylor et al. (2009), Chaouachi et al. (2010), and Gelen 

(2010) may be related to the data the data from several studies which have demonstrated that 

sprint performance is not as strongly affected by prior static stretching (Stewart et al., 2007; 

Sim et al., 2010; Wong et al., 2011). 

 

Stewart et al. (2007) investigated the effect of static stretching and specific warm-up drills on 

14 elite under-19 year old rugby league footballers. Each participant undertook each of four 

preparation protocols (no preparation, stretching only, warm-up only, warm-up and 

stretching) in four successive testing sessions. The static stretching protocol involved a uni-

lateral 45 second hold to the posterior lower leg musculature, posterior thigh musculature and 

the anterior thigh and hip musculature prior to the point of discomfort, repeated twice for a 

total of 90 seconds. The warm-up protocol involved a combination of 1000m of walking, 

jogging, and ‘striding out’ followed by four progressively faster 50m ‘run-throughs’. 

Protocols were randomly allocated to players in a counterbalanced design so that each type of 

preparation occurred equally on each day of testing.  

 

During each session, the athletes performed three solo sprint trials at maximum speed. Sprints 

were of 40-m distance and were electronically timed with wind speed and direction recorded. 

Analysis of the data using ANOVA revealed that the preparation involving warm-up resulted 

in significantly faster sprint times compared to preparations having no warm-up, with a 
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diminishing effect over the three trials. When the sprints were preceded by a warm-up, they 

were performed in a mean time of 5.479 seconds compared to the slower 5.538 seconds 

without warm-up and which was found to be significant. When static stretching preceded 

sprint performance, mean time was 5.520 seconds compared with the faster 5.497 seconds 

without stretching preparation, but this difference was not significant. The warm-up 

preparation was associated with significantly faster sprint times than in no warm-up (p = 

0.004) at 5.514 seconds compared to the longer 5.641 s without warm-up. This was not found 

for the static stretching, where stretching preparation, at 5.594 seconds, was not significantly 

different from sprinting without stretching preparation, at 5.561 seconds (p = 0.51). Finally, 

the preparation conditions of warm-up only and stretch only were compared with the no 

preparation condition. Warm-up only (5.449 seconds) was significantly faster than no 

preparation (5.545 seconds), whereas stretch only (5.531 seconds) was not significantly 

different to no preparation. On the first trial, warm-up resulted in a mean advantage of 0.97m 

over 40 m. Stretching resulted in a mean disadvantage of 0.18m on the first trial, and no 

significant effect overall despite significant wind assistance. The authors concluded that a 

specific warm-up was effective at improving immediate sprint performance, whereas an 

equivalent duration of lower limb stretching had no effect. 

 

Similarly, Sim et al. (2009) examined the effects of static stretching during warm-up on 

repeated sprint performance and assessed the influence of the order in which dynamic 

activities (i.e., run-throughs and drills) and static stretching are conducted.  

 

Thirteen male team sport players completed a repeated sprint ability test consisting of three 

sets of maximal 6 x 20-meter sprints (going every twenty five seconds) after performing one 

of three different warm-up protocols in a within-subjects counterbalanced design. Each 
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warm-up protocol involved an initial 1000m jog, followed by either dynamic activities only, 

static stretching followed by dynamic activities or dynamic activities followed by static 

stretching. First, best, and total 20-meter sprint times were determined for each individual set 

of the repeated sprint ability test and overall (three sets combined).  

 

The dynamic sports specific activities targeted the major muscle groups of the lower limbs 

and included two 15-meter repeats each of buttock kicks, high-knee lifts, and straight leg 

skipping, performed indoors on a wooden gymnasium floor. Five 20-meter run-throughs were 

then performed at progressively increasing speeds (from approximately 60–100% of 

maximum speed, participant controlled), interspersed by three sets of twenty seconds 

standing leg swings of progressive intensity (from approximately 50–90%, participant 

controlled). Each of these dynamic activities involved jog-back recoveries at a self-selected 

speed. 

 

All static stretches were performed standing and targeted the same muscle groups involved in 

the dynamic activities (hamstrings, quadriceps and calf plantar flexors, gastrocnemii and 

solei). All stretches were held for twenty seconds to the point of slight discomfort (not pain) 

and were repeated twice on each limb in alternating order, except for gastrocnemii and solei 

stretches, which were only performed once on each leg. 

 

Repeated measures ANOVA revealed that although consistent significant differences were 

not observed between trials for total 20 meter sprint times, best sprint times, and first sprint 

times, the mean values for total sprint times in all individual sets and overall were generally 

slowest in the dynamic activities followed by static stretching condition. Dynamic activities 

only = 60.264 ± 1.127 seconds; static stretching followed by dynamic activities = 60.347 ± 
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1.774 seconds and dynamic activities followed by static stretching = 60.830  ± 1.786 

seconds).  

 

To make further inferences about true (population) values of any effect of the different warm-

ups on repeated sprint performance, the researchers expressed uncertainty as 90% confidence 

limits in the effect and as likelihoods that the true effect was substantially beneficial, trivial or 

harmful. Moderate to large effect sizes and qualitative indications of ‘‘possible’’ or ‘‘likely’’ 

benefits for total sprint time, best sprint time, and first sprint time for the dynamic warm-up 

and static stretching followed by dynamic warm-ups compared to dynamic activities followed 

by static stretching. No significant differences or large effect sizes were noted between 

dynamic warm-up and static stretching followed by dynamic activity, indicating similar 

repeated sprint ability performance.  

 

Overall, the results of Sim et al. (2009) suggest that twenty-metre repeated sprint ability is 

not compromised when static stretching is conducted after dynamic activities and 

immediately prior to performance. 

 

Further, Wong et al. (2011) examined the interaction of three days of static stretching on the 

repeated-sprint ability test in soccer players. Twenty soccer players (age: 16.8 ± 0.4 years) 

participated in two series of experiments with within-subject repeated-measure design 

(control series: thirteen-minute aerobic warm-up; and static-stretching series: ten-minute 

aerobic warm-up and three-minute static stretching). Each series consisted of five days, and 

the repeated-sprint ability test (9x30 meters separated by twenty-five second passive 

recovery) was tested on days one and five. 
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Static stretching was performed for three consecutive days from day’s two to four, before and 

after intermittent aerobic endurance exercise on each day. The same warm-up protocol was 

used before and after all the repeated-sprint ability tests and exercises within one series. 

 

The stretching protocol consisted of unilateral unassisted static stretches to the quadriceps 

and hamstrings, held at a point of mild discomfort for twenty seconds per muscle group. At 

the end of the stretch, the leg was returned to a neutral position and the player stretched the 

other leg. The whole stretch cycle was performed twice (2 x 20 seconds with one-minute rest 

in between for each muscle group).  

 

Using ANOVA, the researchers found no significant difference between the control and static 

stretching groups (p > 0.05) in repeated-sprint ability test for overall (all sprints), early phase 

(first to third sprints), middle phase (fourth to sixth sprints), and final phase (seventh to ninth 

sprints). Short-term static stretching had trivial effects (Cohen’s d < 0.35) on overall and split 

repeated-sprint ability test phases as early, middle, and final.  

 

Wong et al. (2011) has shown that performing static stretching for three consecutive days and 

before repeated-sprint test did not negatively affect repeated-sprint ability.  

 

A review paper by Young (2007) suggests that if a moderate volume of static stretching is 

performed between the general and specific components of the warm-up, it has a limited 

impact on subsequent performance. Hence, while there may be mitigating factors, such as 

types of contractions or actions, duration, intensity of stretching, gender and training status, 

static stretching should be used expeditiously and judiciously during a warm-up to prevent 

the possibility of performance deficits (Young, 2007; Behm and Chaouachi, 2011).  
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2.22. Conclusion 
The majority of studies indicate that stretching prior to muscular performance decreases 

strength, power and speed of movement, with a growing number of studies - utilizing more 

‘real world’ warm-up methods, stretching durations and intensities - reporting no effect. This 

reduction in force has been demonstrated with several methods of stretching (static, active, 

passive and neuromuscular) and appears to persist as long as two hours after the cessation of 

stretching. There appears to be no discrimination between genders, age, training experience, 

upper or lower body or type of muscle action (isometric, concentric or eccentric) tested. 

 

Although there is a considerable body of evidence regarding the negative effects of static 

stretching prior to performance, the studies reporting no impairments or facilitation highlight 

possible mitigating factors. It appears that the static stretch-induced changes in muscle 

compliance, which alters the length–tension relationship of the muscle, demonstrates its 

negative effects consistently and significantly with strength measures, especially when 

expressed with isometric contractions. Static stretching, however, may not affect or possibly 

augment performance with dynamic stretch shortening cycle activities or contractions that 

involve a longer period for the storage of elastic energy. Submaximal running speed with 

longer stretching shortening cycles, relatively long ground contact times when jumping or 

hopping, application of forces over more prolonged periods, and eccentric contractions may 

not be adversely affected by prior static stretching.  

 

Moreover, shorter durations of stretching within a warm-up, such as a total stretching 

duration per muscle of less than 30 seconds may not negatively impact subsequent 

performance especially if the population is more highly trained. On the other hand, the 
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literature indicates that dynamic stretches and activities will either have no detrimental effect 

or may augment performance. Longer durations of dynamic stretching and activity appear to 

provide a positive response to the neuromuscular system enhancing performance.  

 

The evidence reviewed in this chapter suggest that a warm-up designed to enhance 

subsequent performance should be composed of a submaximal intensity aerobic activity 

followed by large amplitude, long duration dynamic stretching and then completed with 

sport-specific skill rehearsal. Sports that necessitate a high degree of static flexibility should 

use short duration static stretches (less than 30 seconds per muscle group) with lower 

intensity stretches (less than to the point of discomfort) in a trained population to minimize 

the possibilities of impairments. 
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CHAPTER THREE: RESEARCH QUESTIONS 

 

3.1. Background 
The primary outcome of this research study is to determine the optimal preparation for speed, 

strength and power production. The study aims to examine the influence of various warm-up 

strategies on the motor performance factors of strength, power and speed. These factors are 

thought to be of importance in many sports and an ancillary effect of resistance training for 

fitness-based endeavours. Moreover, different sports and fitness training related exercises 

necessitate varying degrees of range of motion or require diverse levels of flexibility. 

Additionally, muscle contractions vary widely between sports, including explosive concentric 

actions (i.e. weightlifting), isometric actions (i.e. gymnastics), rapid stretch shortening cycles 

and minimal ground contact time (i.e. sprinting), slower stretch shortening cycles and 

prolonged ground contact time (i.e. long-distance running) and maximal concentric only 

actions (i.e. shot out) (Komi, 2011).  

 

Research has demonstrated that specific types of muscular actions (isometric, concentric and 

eccentric), contraction type (stretch shortening cycle, explosive, prolonged) and joints 

involved (uniarticular or multiarticular) are impacted to differing degrees, not only by method 

of flexibility but also by the intensity and duration of stretching. Gender, training experience, 

the amount of time elapsed between the stretching and the testing and the inclusion of 

subsequent dynamic, specific activities further confuse the interpretation of the current body 

of literature performed in this area (Cornwell et al., 2002; Cramer et al., 2004; 2005; 2006; 

Fowles et al., 2000; Hayes and Walker, 2007; Molacek et al., 2010; Nelson et al., 2001a; 

Torres et al. 2007). 
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To develop more definitive results, it is proposed that future research designs addressing the 

influence of different types of stretching and warm-up protocols in the development of 

strength/ torque, power, speed and endurance should utilize an increase sample size than has 

been traditionally used, with increased treatment groups utilizing different warm-up strategies 

and different genders (gender specific effects). This would be combined with more 

comprehensive statistical analyses than has been customarily used to address the more 

complex interactions and overall treatment influences, such as MANOVA, ANCOVA and 

discriminant analysis.  

 

The current study has been designed and conducted to address some of the short comings in 

the research with the intention of identifying the optimal preparation for force, power and 

speed production. Specifically, we seek to answer six questions: 

 

3.2. Research Questions 
Seven research questions were generated from the research problems and are summarized as 

follows. 

 

1. What will be the influence of lower limb static stretching of the gastrocnemius, quadriceps, 

three heads of the hamstrings and the gluteal muscles on the motor performance factors of 

speed, strength, muscular endurance and power of the lower limbs? 

 

2. What will be the influence of lower limb PNF stretching of the gastrocnemius, quadriceps, 

three heads of the hamstrings and the gluteal muscles on the motor performance factors of 

speed, strength, muscular endurance and power of the lower limbs? 
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3. What will be the influence of active mobility drills for the lower body and trunk muscles 

on the motor performance factors of speed, strength, muscular endurance and power of the 

lower limbs? 

 

4. What will be the influence of specific warm-up sets/drills on the motor performance 

factors of speed, strength, muscular endurance and power of the lower limbs? 

 

5. What will be the influence of combining lower limb PNF stretching of the gastrocnemius, 

quadriceps, three heads of the hamstrings and the gluteal muscles with specific warm-up 

sets/drills on the motor performance factors of speed, strength, muscular endurance and 

power of the lower limbs? 

 

6. What will be the between group differences among treatment groups on the motor 

performance factors of speed, strength, muscular endurance and power of the lower limbs and 

gender? 

 

7. What will be the multivariate responses, using multi-group approach on several indices of 

muscular performance, namely, strength, power and movement speed, interacting with gender 

and which of these factors will be influenced to the largest degree? 
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CHAPTER FOUR: RESEARCH HYPOTHESES 

 

4.1. Background 
The current research study has been designed to examine the influence of varied flexibility 

interventions on the motor functions of strength, power, speed and muscular endurance in an 

attempt to determine the optimal preparation for strength, power and speed production.  

 

Accordingly, subjects were randomized into one of six treatment groups. 

 

(1) No warm-ups (the control group),  

(2) Static stretching,  

(3) Neuromuscular (PNF) stretching,  

(4) Active mobility drills,  

(5) Specific warm-up sets, and 

(6) Combined PNF stretching with specific warm ups sets 

 

Prior to the warm-up treatment on the same day, all subjects had their baseline measurements 

recorded for leg extension and flexion peak torque at 60, 180 and 300 degrees/second tested 

on a CYBEX 340 dynamometer, power (using a vertical jump) and 10 meter sprint time 

(using timing gates). The same testing was repeated immediately after the warm-up protocol. 

 

The research was conducted to investigate the between group effects of various warm-up 

procedures on subsequent strength, speed of movement and power production in an attempt 

to determine the optimal preparation for strength and power training. The current body of 

evidence has predominately addressed the effect of static and PNF stretching on subsequent 
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maximal strength, power and movement velocity. The current research study attempts to 

further the current knowledge base by elucidating the effects of 'real world' physical 

performance preparation, such as the use specific warm-up sets, mobility drills, combined 

passive and active protocols, and other varied flexibility methods (static and PNF) performed 

with truer reflection of current sports and fitness warm-up practice on force production and to 

then determine the optimal preparation for strength and power training.  

 

4.2. Research Hypotheses 
Based on the significant findings and trends cited in the review of the literature, the following 

hypotheses were drawn: 

 

It is predicted that static and PNF stretching will have a deleterious influence on the motor 

function of the following compared to no stretching: 

 

Strength/Torque - as measured by performance decrements in leg extension and flexion peak 

torque at 60, 180 and 300 degrees/second tested on a CYBEX 340 dynamometer. 

 

Power - as measured by a decrement in vertical jump height.  

 

Movement speed - as measured by increased 10m sprint times. 

 

Muscle endurance as measured by fatigue index/work decrement on CYBEX 340 

dynamometer.  
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It is predicted that active mobility stretching, specific warm-up drills and combined 

PNF/specific warm-up drills will have a positive influence on the motor function of the 

following compared to no stretching: 

 

Strength - as measured by performance improvements in leg extension and flexion peak 

torque at 60, 180 and 300 degrees/seconds tested on a CYBEX 340 dynamometer. 

 

Power - as measured by an improvement in vertical jump. 

 

Movement speed (as measured by reduced 10m sprint times). 

 

Muscle endurance as measured by fatigue index/work decrement on CYBEX 340 

dynamometer. 

 

In terms of the influence of gender no significant treatments effects should be elicited related 

to gender, that is no treatment by gender interaction effects.  
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CHAPTER FIVE: RESEARCH METHODS 

 

5.1. Research Design 
A quasi and true experimental research design was applied based on the following criteria. 

Subjects volunteered to participate in the research. The gender of the subjects was a self-

selection process.  Allocation to the six different treatment groups was based on random 

assignment. The subjects were evaluated based on a pretest and posttest model (repeated 

measure). The treatment groups (between group factor) and gender (between group factor) 

and repeated measures, the pre to post-test design (within group factor) represented a mixed 

model multivariate MANOVA with multiple correlated dependent variable set with follow-up 

tests of discriminant analysis to assess multivariate group differences. If significant statistical 

differences exist, then ANOVA for each dependent variable to assess more specific 

dimensions of differences between the groups (treatment and gender) and interaction effects 

for pretest to posttest conditions at the univariate level (Hair et al., 2006; Hair et al., 2010).  

A mixed model MANOVA and ANOVA enables the analysis of subject performance under 

several different, but compatible, conditions. This enables the researcher to ask more 

complex questions and to obtain results which are likely to provide better answers to these 

questions (Rothstein, 1985).  

 

There are a number of issues as to which statistical method is the most appropriate based on 

using a pretest to posttest research design. Dimitrov and Rumrill (2003) presented a position 

paper on pretest to posttest designs and measurement of change when using randomised 

control research designs. Statistical methods are traditionally used in comparing groups with 

pretest and posttest data are; 1. analysis of variance (ANOVA) using the gain or difference 

scores, 2. analysis of covariance (ANCOVA), and 3. repeated measures ANOVA. 
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The first method is the change or difference score where the difference score is the posttest 

score minus the pretest score, and this score is used as the dependent variable in the analysis. 

“Contrary to the traditional misconception, the reliability of gain scores is high in many 

practical situations, particularly when the pre- and posttest scores do not have equal variance 

and equal reliability. Second, the unreliability of gain scores does not preclude valid testing 

of the null hypothesis related to the mean gain score in a population” (Dimitrov & Rumrill, 

2003, P. 164). 

The second method analysis of covariance (ANCOVA) tests the significance of adjusted 

mean differences between or among treatment groups. ANCOVA increases the precision in 

random group experiments and removes variation due to unwanted factors (Rothstein, 1985). 

The inclusion of covariates can increase statistical power because it accounts for some of the 

variability, such as the influence of unequal group means of a pretest measure that may 

adversely influence the post-test measure. This provides a clearer explanation of the data 

(Rothstein, 1985; Dimitrov & Rumrill, 2003). 

The third method is the traditional mixed ANOVA with repeated measures design where the 

pretest and posttest variable are included as the within subject effect. It is important to 

highlight the difference score ANOVA summary table for between group treatment effects is 

equivalent to the within subject/repeated measures summary table.   

 

An example of the output from the different statistical methods for vertical jump height are 

presented in appendix 4 to display the equivalence and partial equivalence of these statistical 

methods. Essentially the results are not different in statistical outcomes. In this research the 

gain or difference score approach was utilised when the pre- and posttest scores do not have 

equal variance.  
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5.2. Research Methods 
Sixty healthy, apparently healthy, physically fit, active males and females volunteered to 

participate in the study. The majority of participants were sourced through word of mouth in 

the fitness industry, local fitness college and university. Each subject was individually 

screened for medical conditions and injuries status via PAR-Q form and oral questionnaire. 

Each participant was informed of the potential risks that are associated with stretching and 

physical performance testing and subsequently signed an informed consent form. The study 

and its procedures were approved by the ACU National Human Research Ethics Committee. 

All warm-up strategies and testing occurred in the Exercise Physiological Laboratory at 

Strathfield Campus, ACU National. 

 

5.3. Participant Details  
The participant’s relevant details are listed in Table 1 in Chapter Seven: Results. 

 

5.4 Instruments Selected 
The performance tests selected were performed in a randomized order. Leg extension and 

flexion strength/torque, muscular work and fatigue index were tested on a CYBEX 340 with 

HUMAC-NORM dynamometer at 60, 180 and 300 degrees/second with HUMAC-NORM 

based on manufactures testing protocols (Computer Sports Medicine, Inc., 2006). 

Leg power using the indices of contact time, flight time and height from were assessed with 

Speed Light Sports Timing System using the jump mode and the participants were instructed 

to perform maximal effort vertical jumps. Sprint acceleration was tested by a 10m sprint time 

using the Speed Light Sports Timing System to the nearest 0.01s. Once again, participants 

were instructed to perform the sprint test with maximum effort.   



126 

 

All subjects were allowed one familiarization set of both the 10-meter sprint and counter 

movement jump. The warm-up strategies ranged approximately from 5 to 15 minutes. 

Baseline data was gathered at the pretest stage (prior to warm-up strategy) and immediately 

following the warm-up strategy. This represents a repeated measures research design with 

between groups being the different strategies. The testing for the baseline data and posttest 

data required approximately 10 minutes each series of tests.  

 

5.5. Warm-Up Procedures 
The research addressed the following treatment conditions: (1) The effect of varied methods 

of stretching (static, neuromuscular/PNF, dynamic) on muscular performance; (2) The effect 

of specific warm-up sets on muscular performance; and (3) The effect of combined PNF 

stretching and warm-ups sets on muscular performance. 

 

Subjects were randomly assigned to one of six treatment groups. Randomization of subjects 

was performed by assigning the random numbers from random number tables to the 

treatment conditions (Suresh 2011). Each treatment group comprised of ten participants. The 

treatment groups consisted of three separate flexibility interventions (static, PNF and active 

mobility stretching), one specific warm-up intervention, one combined PNF with specific 

warm-up intervention and one control group. All subjects were tested pre and post 

intervention using the aforementioned measurements. 

 

The random allocation of participants into one of six treatment groups was as follows. 

1. Control group, no warm-up (N=10; F=7; M=3); 

2. Static stretching (N=10; F=1; M=9);  

3. PNF stretching (N=10; F=3; M=7); 
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4. Active mobility drills (N=10; F=3; M=7); 

5. Specific warm-up sets (N=10; F=8; M=2); 

6. Combination of PNF stretching and specific warm-up sets (N=10; F=6; M=4). 

 

5.6. Description of Warm-Up Protocols  
 

5.6.1. Warm-Up Protocol 1: No Warm-Up (Control Group) 
Subjects performed the testing protocol, rested between three to five minutes and repeated the 

same test with no other warm-up intervention. Three to five minutes rest has been 

demonstrated to allow for full recovery and regeneration of phosphocreatine stores between 

tests without the testing protocol fatiguing the retest (Torres et al., 2008; Kraemer et al., 

2011, Stone, Stone and Sands, 2007). 

 

5.6.2. Warm-Up Protocol 2: Static Stretching 
Subjects received unilateral partner stretching for the following muscles:  

Subjects received unilateral partner stretching for the following muscles: The Gluteals 

(Figure 1.1), Semimembranosus (Figure 1.2), Semitendinosus (Figure 1.3), Biceps femoris 

(Figure 1.4), Illiacus/Psoas, and Quadriceps femoris (Figure 1.5). Subjects performed a 

unilateral self-stretch of the Gastrocnemius (Figure 1.6). Pictures of each stretch follow. 
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Figure 5.1. The Gluteal partner assisted static stretch. 
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Figure 5.2 The partner assisted Semimembranosus static stretch. 

 

 

Figure 5.3. The Semitendinosus partner assisted static stretch. 
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Figure 5.4. The partner assisted Biceps femoris static stretch.  
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Figure 5.5. The partner assisted Illiacus/Psoas and Quadriceps femoris stretch. 
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Figure 5.6. The unilateral self-stretch of the Gastrocnemius.  

 

Each stretch was held at the participant’s barrier of resistance, defined as a ‘comfortably 

challenging’ (Anderson, 1984; Chaitow, 2006) position for 15 seconds. This is synonymous 

with the nomenclature that has been employed in several recent studies, phrased ‘just less 

than to the point of discomfort’ or <POD (Behm and Kibele, 2007; Knudson et al., 2001, 

2004; Young et al., 2006). 
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After each static stretch repetition of 15 seconds, the limb was returned to its resting position 

for 3 seconds before continuing the static stretch in an enhanced range of motion for another 

15 seconds.  

 

Each stretch was repeated 4 times, for a total of 60 seconds. The static stretching protocol 

lasted approximately 12 minutes. 

 

For optimal enhancement of range of motion when using static stretching, it has been 

recommended that four sets of stretching be performed for each muscle group (Taylor et al., 

1990), with 10–30 seconds duration in each stretched position (40-120 seconds of total 

stretching duration for each individual muscle) (Anderson, 1984; Bandy et al., 1994; 1997; 

Borms et al., 1987; Madding et al., 1987; Taylor et al., 1990). For individuals in excess of 65 

years of age, a longer duration of 60 seconds should be used (Feland et al. 2001). 

 

A potential confounding factor confusing the interpretation of the collective body of research 

performed in this area and explaining, in part, the disparate findings of conflicting studies 

pertains to the stretching duration (Rubini et al. 2007). Behm and Chaouachi (2011) have 

recently noted that the duration of the stretching protocols used in many studies do not 

always correspond with typical practice of athletes and fitness enthusiasts. A series of articles 

published in the Journal of Strength and Conditioning Research (NSCA) that surveyed North 

American strength and conditioning coaches from professional sports reported average 

stretch repetition durations of approximately 12 seconds for baseball (Ebben et al., 2005), 

14.5 seconds for basketball (Simenz et al., 2005), 17 seconds for hockey (Ebben et al., 2004) 

and 18 seconds football players (Ebben and Blackard 2001). 
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Numerous stretching studies have used extensive durations that involved 30–60 minutes 

(Avela et al. 2004; Fowles et al. 2000) or 15–20 minutes (Bacurau et al. 2009; Behm et al. 

2001; Costa et al. 2010; Cramer et al. 2005) of static stretching. Thus, the stretching durations 

utilized in the present study are more reflective of common practice in preparation for sports 

and fitness activities. 

 

5.6.3. Warm-Up Protocol 3: PNF Stretching  
Subjects received unilateral partner PNF stretching for the Gluteals (Figure 1.7), 

Semimembranosus (Figure 1.8), Semitendinosus (Figure 1.9), Biceps femoris (Figure 1.10), 

Illiacus/Psoas and Quadriceps femoris (Figure 1.11), and the Gastrocnemius (Figure 1.12). 

Pictures of each stretch follow. 

 

 

Figure 5.7. The partner assisted PNF stretch for the Gluteals. 
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Figure 5.8. The partner assisted PNF stretch for the Semimembranosus.  

 

Figure 5.9. The partner assisted PNF stretch for Semitendinosus. 
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Figure 5.10. The partner assisted PNF stretch for the Biceps femoris.  
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Figure 5.11. The partner assisted PNF stretch for the Illiacus/Psoas and Quadriceps femoris.  
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Figure 5.12. The PNF partner assisted stretch for the Gastrocnemius.  

 

The participant’s limb was moved into the barrier of resistance, defined as a ‘comfortably 

challenging’ position or to just less than to the point of discomfort. Once reached, participant 

was asked to inhale, hold their breath and contract the agonist with 20% of their ability for 7 

seconds, which was counted out loud as “1 and 2 and 3 and…” by the tester. When the 

subject relaxed and re-commenced their respiratory cycle, the limb was taken to the new 

barrier of resistance. The next contract/relax sequence was performed immediately when the 

participant reached the point just less of discomfort. The subject was exposed to 4 
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contract/relax stretches. After the final contract/relax cycle, the limb was held in the newly 

obtained range for 8 seconds. The PNF stretching protocol lasted approximately 10 minutes. 

 

There are several commonly accepted methods for performing contract/relax (PNF) stretches 

(Alter, 1999; Chaitow, 2006; McAtee and Charland, 2007). The methodology used in this 

study has been demonstrated to be effective at enhancing range of motion with minimal risk 

of injury (Cresswell, and Riek, 2006; Chaitow, 2006; McAtee and Charland, 2007; Sharman 

et al. 2006). 

 

5.6.4. Warm-Up Protocol 4: Active Mobility Drills  
Subjects undertook active mobility drills for the gluteals, hamstrings, hip flexors, quadriceps, 

gastrocnemius, and erector spinae. A number of active mobility drills are commonly 

performed by athletes (Verstegen, 2005); however, five of the more frequently used drills 

were chosen for inclusion in the current study. Drills were performed five times for a total 

duration of fifteen seconds each. There is currently no consensus for any accepted names for 

these drills and therefore naming based on the anatomical nomenclature were used. 

Commonly used names are provided in brackets. 

(1) Hamstring mobility drill (the hamstring T walk). 

(2) Hip flexor mobility drill (walking lunge with rotation). 

(3) Quadriceps mobility drill (squat to stand). 

(4) Hamstring/calf mobility drill (the inchworm). 

(5) Lower back mobility drill (the scorpion). 

 

The aim of all active mobility drills is to take a limb dynamically through its full range while 

co-activating other muscles as stabilizers and synergists (Fletcher, 2010). It has been 

suggested that the warm-up induced by this style of stretching has greater specificity and 
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therefore transfer to sports performance (Cressey, 2006; McAtee and Charland, 2007; Torres 

et al., 2008). Several popular books discuss the use of active mobility drills (Boyle, 2004; 

Verstegen, 2005) but to our knowledge, this is the first investigation that examines the effect 

of these drills on muscular performance and therefore, the first study that can evaluate the 

veracity of claims made by certain authors. 

 

Following Verstegen (2005), a detailed description of each active mobility drill follows. 

 

5.6.4.1. Hamstring mobility drill (the hamstring T walk) 

The participant was instructed to balance on one leg, keeping both arms out to the side at 

shoulder height (Figure 1.13). The participant was instructed to bend forward at the waist 

while extending the other leg back behind the body, forming a straight line from the shoulder 

to the heel. The end position of the stretch was when the trunk and leg was parallel to the 

floor, forming the letter T, creating a strong stretch in the hamstrings (Figure 1.14). The 

participant returned to the starting position and swapped legs. The speed of movement was 

instructed to be 2-3 second eccentrically and 2-3 seconds concentrically. Five controlled 

repetitions were performed for each leg. 
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Figure 5.13 Hamstring mobility drill, start position. 
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Figure 5.14. Hamstring mobility drill, end position. 

 

5.6.4.2. Hip flexor mobility drill (walking lunge with rotation) 

The participant was instructed to stand with the feet hips width apart (Figure 1.15) and then 

take a moderate to large sized step forward, keeping their arms out to the front (Figure 1.16). 

The participant was then instructed to rotate to the contralateral side of the extended hip 

(Figure 1.17), creating a strong hip flexor stretch. The participant returned to the starting 

position and swapped legs. The speed of movement was instructed to be 2-3 second 

eccentrically and 2-3 seconds concentrically. Five controlled repetitions were performed for 

each leg. 
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Figure 5.15. Hip flexor mobility drill, start position. 
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Figure 5.16. Hip flexor mobility drill, mid position. 

 



145 

 

 

Figure 5.17. Hip flexor mobility drill, end position. 

 

5.6.4.3. Quadriceps mobility drill (squat to stand) 

The participant was instructed to stand with the feet just outside hips width apart (Figure 

1.18) and squat down as low as they could while keeping the feet flat on the floor and the 

torso upright (Figure 1.19), thereby stretching the quadriceps. The participant was then 

instructed to hold onto the toes with each hand and extend the knees until straight, while 

directing the head towards the knees (Figure 1.20), creating a strong hamstring stretch. The 

participant returned to the deep squat position and then back to the starting position before 

commencing their next repetition. The speed of movement was instructed to be 3 second 

eccentrically and 3 seconds concentrically. Five controlled repetitions were performed. 
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Figure 5.18. Quadriceps mobility drill, start position. 
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Figure 5.19. Quadriceps mobility drill, mid position. 
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Figure 5.20. Quadriceps mobility drill, end position. 

 

5.6.4.4. Hamstring/calf mobility drill (the inchworm) 

The participant was instructed to assume the ‘push-up’ position, creating a prone bridge from 

the toes to the hands, which were positioned under the shoulders (Figure 1.21). The 

participant was then instructed to take small steps up towards the hands as far as their 

flexibility permitted (Figure 1.22) thereby stretching the calves and hamstrings. The 

participant then walked the hands forward until they were back in the ‘push-up’ position, one 

body length in front of where they started (Figure 1.23). From that position, the next 

repetition was performed. The speed of movement was instructed to be a 3 second count as 
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the feet walked towards the hands and a 3 second count as the hands walked back to the 

‘push-up’ position. Five controlled repetitions were performed. 

 

 

Figure 5.21. Hamstring/calf mobility drill, start position. 
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Figure 5.22. Hamstring/calf mobility drill, mid position. 
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Figure 5.23. Hamstring/calf mobility drill, end position. 

 

5.6.4.5. Lower back mobility drill (the scorpion) 

The participant was instructed to prone on the floor, with the feet slightly apart and the arms 

out to the side (Figure 1.24). The participant was then instructed to thrust the heel of their 

foot as close to their contralateral hand, as far as their flexibility permitted, while keeping 

both arms on the floor (Figure 1.25) thereby stretching the low back and chest. From that 

position, the participant returned to the staring position and performed the next repetition 

with the other leg. The speed of movement was instructed to be a 3 second count in either 

direction. Five controlled repetitions were performed. 
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Figure 5.24. Lower back mobility drill, start position. 

 

Figure 5.25. Lower back mobility drill, end position. 
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5.6.5. Warm-Up Protocol 5: Specific Warm-Up Sets  
Participants underwent performance testing for leg extension and flexion strength/torque 

(CYBEX 340 muscle evaluation system), leg power (vertical jump test on a Swift Speedlight 

jump reaction board and a CYBEX 340 muscle evaluation system), leg muscular work and 

fatigue index (CYBEX 340 muscle evaluation system) and running speed (10-meter sprint 

time using Swift Speedlight Timing System (nearest .01s).  

 

The participants then rested three to five minutes. After the rest interval, the subjects then 

performed 3 warm-up sets at an estimated 40%, 60% and 80% of the original testing ability 

on each of the performance measures (CYBEX 340 dynamometry, vertical jump and sprint) 

120 seconds prior to being retested on the same instruments. 

 

Having the participant’s estimate 40%, 60% and 80% of testing maximum performance 

allowed a degree of subjectivity into this protocol. However, this was deemed allowable due 

to the subjects having already been exposed to the testing requirements, making a prediction 

of a certain percentage of effort more accurate.  

 

Additionally, in sport and fitness training, participants are often asked to warm-up at varying 

percentages of the work capacity, making this procedure adopt an element of ‘real world’ 

warm-up technique. The subjects rested 120 seconds then repeated the testing procedures. 

 

This warm-up protocol represents the greatest specificity of all the warm-up interventions 

examined in this investigation to the performance measures tested and, also, the truest 

reflection of current sports and fitness-based practice, whereby participants would frequently 

rehearse the primary movement with submaximal drills or sets. Prior to maximal sprinting 
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efforts, runners are advised to perform ‘run-throughs’ of varying distances and increasing 

intensities (Dintiman and Ward, 2003). Sports requiring jumping ability, such as track and 

field sports and basketball or netball, commonly perform practice submaximal jumping and 

hopping or varying heights and distances (Taylor et al., 2008). And when performing 

resistance training, it is normative practice to conduct submaximal warm-up sets of between 

40-80% of the work set weight prior to the main workout (Fleck and Kreamer, 2004).  

 

5.6.6. Warm-Up Protocol 6: Combination of Warm-Up Sets and PNF Stretching 
Subjects received unilateral partner PNF stretching as described in warm-up protocol 3 as 

above. After 2 minutes rest, the subjects performed identical warm- up sets as described in 

warm-up procedure 5 as above. The subjects rested 2 minutes then performed the testing 

protocols. 

 

Warm-up protocol 6 was designed to mimic as closely as possible the practices of athletes 

and fitness enthusiasts, who, if performing stretching prior to muscular effort, would typically 

perform one or more specific warm-up set(s), as either progressively faster ‘run-throughs’ 

prior to sprinting maximum or several submaximal intensity warm-ups sets of the specific 

resistance exercise about to be performed. 

 

5.7. Statistical Analysis 

 

5.7.1. Tests of Normality 
All data was analysed using the Statistical Package for the Social Sciences (Version 17, 

SPSS, IBM Corporation). Tests of normality, as Kolmogorov-Smirnova and Shapiro-Wilk, 

were conducted to asses if the data set conformed to the expected assumptions when using 

parametric statistics.  
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5.7.2. Descriptive Statistics 
An important aspect of the description of a variable is the shape of its distribution, which 

explains the frequency of values from different ranges of the variable. Typically, one is 

interested in how well the distribution can be approximated by the normal distribution (Hill 

and Lewicki, 2007).  

 

Simple descriptive statistics can provide some information relevant to this issue. For 

example, if the skewness - which measures the deviation of the distribution from symmetry - 

is clearly different from 0, then that distribution is asymmetrical, while normal distributions 

are perfectly symmetrical. If the kurtosis, which measures ‘peakedness’ of the distribution, is 

clearly different from 0, then the distribution is either flatter or more peaked than normal; the 

kurtosis of the normal distribution is 0 (Hill and Lewicki, 2007).  

 

5.7.3. Additional Tests of Normality 
More precise information can be obtained by performing one of the tests of normality to 

determine the probability that the sample came from a normally distributed population of 

observations in addition to Kolmogorov-Smirnov test or the Shapiro-Wilks tests, such as 

normal histogram plots, stem and leaf plots, box plots, P-P plots and Q-Q plots. 

 

5.7.4. Graphical and Numerical Tests 
Another way to investigate the descriptive information is by visual examination of the data 

using a histogram, which is a graph that shows the frequency distribution of a variable. The 

graph allows one to evaluate the normality of the empirical distribution because it also shows 

the normal curve superimposed over the histogram. It also allows one to examine various 

aspects of the distribution qualitatively (Hill and Lewicki, 2007).  
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Accordingly, the graphical tests conducted were: 

1. Histogram of normality. 

2. Stem-and-leaf plot. 

3. Box plot. 

4. P-P plot. 

5. Q-Q plot. 

 

And the numerical tests conducted were: 

1. Skewness. 

2. Kurtosis. 

3. Shapiro-Wilk. 

4. Kolmogorov-Smirnov. 

The descriptive statistics recorded included mean, standard deviation, variance, standard error 

of mean and range. The descriptive statistics are presented in the results chapter. Means and 

standard deviations were used to represent the average and typical spread of values of 

variables. The precision of the estimates of outcome statistics are set as 95% confidence 

limits, which define the likely range of the true value in the population from which we the 

sample was drawn. The p-values shown represent the probability of a more extreme absolute 

value than the observed value of the effect if the true value of the effect was zero or null. 

Statistically significant effects are those for which the zero or null value of the effect lies 

outside the 95% confidence interval (i.e., p < 0.05, Hopkins, 2000). 

 

The most frequently used descriptive statistic is the mean. The mean is a particularly 

informative measure of the central tendency of the variable if it is reported along with its 

confidence intervals. The confidence intervals for the mean gives the researcher a range of 
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values around the mean where the ‘true’ (population) mean is expected to be located, with a 

given level of certainty (Hill and Lewicki, 2007). The calculation of confidence interval is 

based on the assumption that the variable is normally distributed in the population. The 

estimate may not be valid if this assumption is not met, unless the sample size is large. 

 

In the majority of cases, the statistical assumptions were satisfied. Therefore, parametric 

analyses were relevant and conducted. 

 

5.7.5. ANOVA, ANCOVA, MANOVA and Mixed Model Repeated Measures  
Statistical analysis utilizing a mixed factor design analysis of variance (ANOVA) using 

difference scores (post test score subtract pretest score), analysis of covariance (ANCOVA) 

which confirmed ANOVA difference method and a multivariate analysis of variance 

(MANOVA) using difference scores with between group analysis (treatment groups, gender 

groups) with follow-up discriminant analysis was used.  

 

A mixed factor design ANOVA was used to analyse the differences between means of 

groups, using variances to decide whether the means are different. ANOVA examines what 

the variance is within the groups, then works out how that variation would translate into 

variation between the groups, taking into account how many subjects there are in the groups. 

If the observed differences are a larger than what would be typically expected by chance, 

statistical significance is noted. A mixed model factor ANOVA enables the analysis of 

subject performance under several different, but compatible, conditions.  

 

This enables the researcher to ask more complex questions and to obtain results which are 

likely to provide better answers to these questions (Rothstein, 1985). For more complex 

analysis of the data set, both ANCOVA and MANOVA models were utilised. Analysis of 
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covariance (ANCOVA) tests the significance of adjusted mean differences between or among 

treatment groups. ANCOVA increases the precision in random group experiments and 

removes variation due to unwanted factors (Rothstein, 1985).  

 

The inclusion of covariates can increase statistical power because it accounts for some of the 

variability, such as the influence of unequal group means of a pre-test measure that may 

adversely influence the post-test measure. This provides a clearer explanation of the data 

(Rothstein, 1985). 

 

Additionally, to examine the data in greater complexity, a multivariate analysis of variance 

(MANOVA) was utilised using gain or difference score. Instead of a univariate F value, using 

MANOVA, a multivariate F value (Wilks' lambda) is obtained based on a comparison of the 

error variance/covariance matrix and the effect variance/covariance matrix. The MANOVA is 

a straight forward extension of ANOVA; however, the difference is that the F tests for the 

independent variables and interactions are based upon an optimal linear composite of several 

dependent variables (Thomas et al., 2011). The covariance here is included because the 

multiple measures between treatment groups and between genders are most likely correlated 

and that correlation must be taken into account when performing the significance test. If a 

correlated measure is analysed, some new information is gained, but the new variable will 

also contain redundant information that is expressed in the covariance between the variables 

(Hill and Lewicki, 2007; Hair et al., 2010).  

 

Thomas et al. (2011) states that when using MANOVA, an optimal combination of the 

dependent variables is made that maximally accounts for the variance associated with the 

independent variables. The variance associated with each independent variable is then 
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separated out and each of the independent variables and interactions on the optimal linear 

composite is tested. The associated F and degrees of freedom are obtained using Wilks 

lambda and Pillai’s trace. MANOVA enables a more complete investigation into the 

significance of univariate repeated measures factors with more than two levels (i.e. between 

treatment groups and between genders). After MANOVA has been used, a significant linear 

composite of dependent variables is identified that separates the levels of the independent 

variables. Discriminant analysis was then applied as a follow-up test for MANOVA to 

evaluate which of the dependent variables contribute significantly to the separation of groups. 

 

5.7.6. Discriminant Analysis 
Finally, follow up discriminant function analysis was used to determine which variables 

discriminate between two or more treatment groups (Hill and Lewicki, 2007). For the present 

study, discriminant analysis was used to investigate which variables discriminate between the 

interaction of six different warm-up groups and the performance measures of strength, 

muscular endurance, speed, and power production. A discriminant function analysis can be 

used to determine the warm-up strategy that allows for the best discrimination between the 

other warm-up interventions (Hair et al., 2010).  

 

To summarize, a true experimental design was used based on random allocation of 

participants to six treatment groups (between group factor) and gender (between group factor) 

and repeated measures, the pretest to posttest design (within group factor). Based on the study 

design, a mixed model factor ANOVA, ANCOVA and MANOVA, with follow-up-post hoc 

multivariate discriminant analysis and univariate Scheffe where applicable. It is important to 

note that the differences between analysis of variance methods when using mixed ANOVA, 

ANCOVA and gain/difference method are minimal (Dimitrov & Rumrill, 2003 and refer to 

Appendix 4 for further explanations).  
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CHAPTER SIX: INSTRUMENTS UTILIZED 

 

6.1. Overview 
Performance testing measures included a CYBEX 340 Muscle Evaluation System isokinetic 

dynamometer using HUMAC-NORM software (Computer Sports Medicine, Inc., 2006) was 

used to measure leg extension and flexion strength/torque, muscular work and fatigue index. 

Leg power was obtained by the vertical jump test on a Swift Speedlight jump reaction board. 

Running speed was tested by a 10-meter sprint time using Swift Speedlight TT Timing 

System (nearest .01s). 

 

The following section will discuss the performance tests with respect to their validity (does 

the test actually measure what it purports to measure), reliability (able to effectively detect 

value change in performance above the noise of the error in measurement. That is, how much 

a given value changes with repeated measurements due to variation in equipment or methods 

or the effect of the environment, usually expressed as a coefficient of variation or as intra-

class correlation coefficients (Newton et al., 2011), and specificity, as does the test accurately 

assess the performance requirements for activities requiring strength, speed, muscular 

endurance and power? 

 

6.2. Swift Speedlight Jump Reaction Board  
The majority of sports involve striking, kicking, throwing or projecting the body into free 

space (Newton et al., 2011). Measuring indices of power during the countermovement jump 

test has large applicability to sports requiring acceleration and high-power outputs (Newton 
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and Kraemer, 1994). The countermovement jump test was used as a measure of functional leg 

power (Bosco et al., 1983; Bosco et al., 1995; Chamari et al., 2008). 

 

A Swift Speedlight jump reaction board (Swift Performance Equipment, Wacol, Queensland, 

Australia) accurately measures, records and analyses take-off power. The equation to 

establish jump height from flight time was d=vit+½at2. Vertical take-off force of the legs 

can be measured on the ground. Piezoelectric sensors, built into the feet of the measuring 

platform, constantly measure take-off force and relay it 500 times per second to the computer. 

The height of the jump, jump performance and flight time are automatically calculated from 

the take-off force and then recorded. The push-off itself, divided into eccentric and concentric 

stages, can be analysed. The shape of the curve of the height jumped shows if the jump has 

been carried out correctly. This is the distinguishing feature of the Swift Speedlight jump 

reaction board, as other systems only indirectly calculate the height of the jump from airborne 

time. Prior to all testing sessions, the Swift Speedlight jump reaction board was calibrated by 

a professional laboratory technician, which allowed for an accurate, reliable and standardized 

measurement to be recorded. 

 

Because the platform was raised above the floor surface, each subject was given up to three 

familiarization jumps in an effort to prevent possible injury from not landing on the platform 

during the testing trials. Three trials of a maximal effort countermovement vertical jump were 

then performed, with the highest jump being recorded as the maximal vertical jump height.  

 

6.2.1. Vertical Jump Procedure 
All participants were given a visual demonstration of the vertical jump. Clear verbal 

instructions were also provided. Participants were instructed to stand on the jump reaction 

board with upright posture with the hands on their hips, to prevent influence of arm 
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movements on vertical jump and to avoid coordination as confounding variable influences 

(Bosco et al., 1995). The subject was then asked to perform a partial squat and jump up as 

high as possible, while keeping the hands on the hips. The participant was asked to perform 

the movement to their best ability, with the highest attainable speed to attempt the maximum 

height possible. As mentioned above, three submaximal familiarization jumps were 

performed three minutes prior to three maximal attempts for recorded testing. The best jump 

height was used for calculations. 

 

6.3. Cybex 340 Isokinetic Dynamometer  
Isokinetic testing involves the use of sophisticated electromechanical equipment which 

provides resistance by limiting the speed of movement to a preset linear or angular velocity 

(Newton et al., 2011). The CYBEX 340 muscle evaluation system allows for both unilateral 

concentric knee extension and flexion force to be measured, expressed in torque units (Nm). 

The advantage of isokinetic strength testing is that the issues of force-velocity effects and 

changing force capabilities through the movement are well controlled and quantifiable 

(Newton et al., 2011). 

 

Single-joint isokinetic testing has received criticism due to the proposed lack of specificity to 

most sporting motions, which generally involve a coordinated movement of several joints and 

muscle groups (Newton et al., 2011). However, research has demonstrated that isokinetic 

testing has a high degree of accuracy to predict performance in a number of sporting events.  

 

Isokinetic testing has two issues worth noting. Firstly, the torque overshoot phenomenon. At 

the beginning of each repetition, there will be a period when the limb is accelerated from zero 

to the preset velocity of the dynamometer. There is a spike and subsequently damped 
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oscillation that occurs in the torque signal when the limb attains this velocity. The faster the 

set speed of the dynamometer for the test, the later into the movement this impact occurs and 

the larger the spike. CYBEX have tried to address this problem with electronic and digital 

filters as well as by increasing the speed of the dynamometer, nevertheless, measurements in 

the early phase remain problematic (Newton et al., 2011). 

 

The second issue with isokinetic testing pertains to the gravitational correction (Newton et al. 

2011). Gravity correction is used to account for the fact that when testing, gravity will assist 

torque measured in the downward-direction movement and hinder the torque measured 

during the upward-direction movement. A CYBEX 340 muscle evaluation unit accounts for 

this by performing a weighing procedure for the leg and dynamometer arm prior to strength 

measurement. The torque measurement is then corrected throughout the range of movement.  

 

To summarize, isokinetic measurements are measurements of muscular torque at a constant 

velocity. The computerized isokinetic dynamometer monitors and alters the resistance so that 

the movement velocity is held constant. Movement velocities can be determined at various 

velocities (60, 180 and 300 degrees/second in the current study). Typically, a joint is 

measured, and the maximum torque output is calculated for that movement. Prior to all 

testing sessions, the CYBEX 340 isokinetic dynamometer was calibrated by a professional 

laboratory technician, which allowed for an accurate (torque +/- 0.05% and angle +/- 0.25 

degrees), reliable and standardized measurement to be recorded.  

 

6.3.1. Cybex 340 Isokinetic Dynamometry Procedures 
The participant sat in the seat of the dynamometer. The researcher strapped the participant 

into the unit with a waist and torso belt. The thigh was strapped firmly into the unit with the 

belt provided by the manufacturer, according to the manufactures specifications. The seat 
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height, ankle pad and limb arm where adjusted for the best biomechanical fit in accordance 

with the manufacturer’s instructions. Each participant was given detailed verbal instructions 

as to the correct performance and requirements of the test. The CYBEX 340 program allowed 

for familiarization of each of the three testing speeds. The test was then conducted according 

to the preset computerized CYBEX 340 program (Computer Sports Medicine, Inc., 2006), 

measuring maximal torque at 60, 180 and 300 degree/second and each participant was 

encouraged to give their very best effort and work to sincere maximal muscular exertion. 

 

6.4. Swift Speedlight TT Timing Gates 
Speedlight TT incorporates dual beam gates, which research has shown to give repeatable 

and accurate results (Winchester et al., 2008). The running speed of the subjects was 

evaluated with 10-meter sprint efforts using dual-beam electronic timing gates (Swift 

Performance Equipment, Wacol, Queensland, Australia). Speed was measured to the nearest 

0.01 second.  

 

Two pairs of dual-beam infrared timing lights with a beam height of 0.6 and 0.9 meter from 

the ground were positioned 0 and 10-meters from the start line. The starting line was located 

0.3 m behind the first timing light to prevent any extraneous movement from prematurely 

breaking the beams. 

 

Subjects were allowed one familiarization run prior to actual testing. Participants were 

instructed to run as quickly as possible along the 10-meter distance from a standing start. The 

test was conducted in a long, sealed off corridor and the participants were asked to decelerate 

safely at their own pace. The run-off distance was over 20-meters, therefore there were no 

safety concerns with collisions during deceleration or an abrupt deceleration. The intraclass 
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correlation coefficient for test-retest reliability and typical error or measurement error for the 

10-m sprint tests were 0.88, and 0.04 seconds, respectively (Duthie et al. 2006). 

 

 

 

6.4.1. 10 Meter Sprint Procedure 
Each participant was given a visual demonstration and verbal explanation of the demands and 

requirements of the 10-meter sprint. Participants was asked to assume the most natural leg 

position for a standing take off, which was a split stance in every instance. The participant 

was instructed to run as fast as possible along a clearly outlined 10-meter track. All subjects 

were asked to wear sporting footwear and the 10-meter running track was located on a 

rubberized floor situated in an indoor exercise testing laboratory. As mentioned above, 

subjects were allowed one submaximal familiarization run two minutes prior to actual testing. 

Participants were then instructed to run as quickly as possible along the 10-meter distance 

from a standing start. The 10-meter distance was measured accurately by a professional 

laboratory technician and the Swift Speedlight TT Timing Gates were regularly calibrated 

and maintained by the same person.  
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CHAPTER SEVEN: RESULTS 

 

7.1 Participant Details 
Sixty exercise science undergraduate students and physically fit personal trainers voluntarily 

participated in the present study. Their age, height and body mass details are listed in Table 

7.1 that follows. The participants were physically active on a regular basis (four to six days 

per week) and involved a spectrum of competitive and recreational activities, as part of the 

university curriculum and in their chosen recreational sports and fitness training regimes. 

This information is typical of the exercise trained age group and represents a normal 

characteristic sample of the physically active Australian student aged population. 

 

Table 7.1. Participant Details for Height, Weight and Age.  

Height 

(cm) 

male 32 181.65 8.04 

female 28 167.82 4.98 

Weight 

(kg) 

male 32 79.62 10.26 

female 28 58.92 6.40 

Age 

(Years) 

male 32 23.87 8.00 

female 28 21.10 6.34 

 

To examine the main and interaction effects of categorical independent factors of varied 

warm-up methods on an interval dependent performance variable, the data set was initially 

analysed with a one-way analysis of variance (ANOVA) model. The ‘main effect’ is the 

direct effect of an independent variable (warm-up method) on the dependent variable 

(performance measure). The ‘interaction effect’ is the joint effect of two or more independent 

variables on the dependent variable.  

 

The traditional approach to reporting a result requires a statement of statistically significance 

(Batterham and Hopkins, 2005a; Batterham and Hopkins, 2005b; Hopkins, 1999; 2000a; 
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2000b), by generating a p value from the test statistic. Significant results are indicated with 

‘p<0.05’. A one-way analysis of variance (ANOVA) is more powerful approach to analyse 

all the data in one go, and the test statistic is the F ratio (Hopkins et al., 1999). The F ratio is a 

test of difference of group means, testing if the means of the groups formed by values of the 

independent variable (or combinations of values for multiple independent variables) are 

different enough not to have occurred by chance. If the group means do not differ 

significantly then it is inferred that the independent variable(s) did not have an effect on the 

dependent variable. If the F test shows that overall the independent variable(s) is (are) related 

to the dependent variable, then multiple comparison tests of significance are used to explore 

just which values of the independent(s) have the most to do with the relationship (Garson, 

2011). Finally, the number of degrees of freedom (df) is the number of values in the final 

calculation of a statistic that are free to vary (Hopkins, 2003). For each performance 

measurement analysed with a one-way analysis of variance, the F-ratio, df, P-value and 

treatment effect are listed in the appropriate table below. 

 

The major finding is that there was no significant changes with many of the six treatment 

conditions across the different tasks measured for vertical jump (Table 1.2), 10 metre sprint 

(Table 1.3), CYBEX 340 isokinetic dynamometry at 300 degrees/second (Table 1.4), 

CYBEX 340 isokinetic dynamometry at 180 degrees/second (Table 1.5), and CYBEX 340 

isokinetic dynamometry at 60 degrees/second (Table 1.6).  

 

7.2. Vertical Jump Results 
One-way ANOVA based on difference scores revealed that there was no significant change 

observed in any of the six treatment conditions for the height (F=0.503; p=0.773), flight time 
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(F=0.594; p=0.705) or contact time (F=1.506; p=0.203) of the vertical jump based on pooled 

gender data. The F-ratio, df, P-value and treatment effect are listed in Table 7.2 below. 

 

Table 7.2. One-Way ANOVA Based on Difference Scores for Vertical Jump Performance.  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

VJ height Between Groups .016 5 .003 .503 .773 

Within Groups .344 54 .006   

Total .360 59    

VJ flight Between Groups .012 5 .002 .594 .705 

Within Groups .211 54 .004   

Total .222 59    

VJ contact Between Groups .033 5 .007 1.506 .203 

Within Groups .236 54 .004   

Total .269 59    

 

7.3. Sprint Performance Results 
One-way ANOVA based on difference scores found that sprint times were negatively 

influenced by PNF stretching (F= 4.112; p=0.003). Specific warm-up sets, static and active 

mobility stretching and combined PNF stretching and warm-up sets had no effect on sprint 

performance (p>0.05). The F-ratio, df, P-value and treatment effect are listed in Table 7.3 

below. 

Table 7.3. One-Way ANOVA Based on Difference Scores for Sprint Performance. 

ANOVA 

10m sprint   

 Sum of Squares df Mean Square F Sig. 

Between Groups .258 5 .052 4.112 .003 

Within Groups .678 54 .013   

Total .936 59    
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7.4. Isokinetic Dynamometry at 300 degrees/second 
One-way ANOVA based on difference scores showed that there was no significant change 

observed in any of the six treatment conditions for peak torque (F=2.233; p=0.064), total 

work (F=1.675; p=0.156) and fatigue index (F=.799; p=0.555) at 300 degrees/second. The F-

ratio, df, P-value and treatment effect are listed in Table 7.4 below. 

 

Table 7.4. One-Way ANOVA Based on Difference Scores for CYBEX 340 Isokinetic 

Dynamometry at 300 Degrees/Second. 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Total Work  

300 deg/sec 

Between Groups 665304.350 5 133060.870 1.675 .156 

Within Groups 4289490.500 54 79435.009   

Total 4954794.850 59    

Peak Torque 

300 deg/sec 

Between Groups 2140.883 5 428.177 2.233 .064 

Within Groups 10356.100 54 191.780   

Total 12496.983 59    

Fatigue Index 

300 deg/sec 

Between Groups 24003.950 5 4800.790 .799 .555 

Within Groups 324294.900 54 6005.461   

Total 348298.850 59    

 

7.5. Isokinetic Dynamometry at 180 degrees/second 
One-way ANOVA based on difference scores revealed that static stretching improved peak 

torque (F=3.240; p=0.012) and total work (F=3.846; p=0.005) at 180 degrees/second. No 

significant changes were observed in any of the six treatment conditions for fatigue index at 

180 degrees/second (F=1.592; p=0.178). However, it was found that total work at 180 

degrees/second was impaired by the performance of active mobility stretching (F=3.846; 

p=.005) and, similarly, PNF stretching had a deleterious effect on peak torque at 180 

degrees/second (F= 3.240; p=.012). All other interventions had no significant effect on peak 

torque and total work (p>0.05). The F-ratio, df, P-value and treatment effect are listed in 

Table 7.5 below. 
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Table 7.5. One-Way ANOVA Based on Difference Scores for CYBEX 340 Isokinetic 

Dynamometry at 180 Degrees/Second. 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Total Work  

180 deg/sec 

Between Groups 813924.133 5 162784.827 3.846 .005 

Within Groups 2285364.200 54 42321.559   

Total 3099288.333 59    

Peak Torque  

180 deg/sec 

Between Groups 1997.533 5 399.507 3.240 .012 

Within Groups 6658.200 54 123.300   

Total 8655.733 59    

Fatigue Index 

180 deg/sec 

Between Groups 2357.933 5 471.587 1.592 .178 

Within Groups 15992.800 54 296.163   

Total 18350.733 59    

 

7.6. Isokinetic Dynamometry at 60 degrees/second 
One-way ANOVA based on difference scores revealed that there was no significant change 

observed in any of the six treatment conditions for peak torque (F=.657; p=0.657) and total 

work (F=1.125; p=358) at 60 degrees/second. The F-ratio, df, P-value and treatment effect 

are listed in Table 7.6. 

Table 7.6. One-Way ANOVA Based on Difference Scores for CYBEX 340 Isokinetic 

Dynamometry at 60 Degrees/Second. 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Total Work  

60 deg/sec  

Between Groups 2578.000 5 515.600 1.125 .358 

Within Groups 24748.600 54 458.307   

Total 27326.600 59    

Peak Torque  

60 deg/sec 

Between Groups 1141.350 5 228.270 .657 .657 

Within Groups 18749.900 54 347.220   

Total 19891.250 59    
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7.8 MANOVA  
Subsequent to analysing the data using ANOVA, the data was more comprehensively 

examined using a multivariate analysis of variance (MANOVA). MANOVA is a generalized 

form of univariate ANOVA. It is used when there are two or more dependent variables. It 

helps to answer questions as; (1) do changes in the independent variable(s) have significant 

effects on the dependent variables; and (2) the interactions among the dependent variables are 

and among the independent variables (Stevens, 2002).  

 

MANOVA uses one or more categorical independents as predictors, like ANOVA, but unlike 

ANOVA, there is more than one dependent variable. Where ANOVA tests the differences in 

means of the interval dependent for various categories of the independent(s), MANOVA tests 

the differences in the centroid (vector) of means of the multiple interval dependents, for 

various categories of the independent(s). MANOVA also allows one to perform planned 

comparison or post hoc comparisons to see which values of a factor contribute most to the 

explanation of the dependents (Garson, 2009). The multivariate analysis of variance uses a 

Wilks' lambda distribution, which is a probability distribution. It is a multivariate 

generalization of the univariate F-distribution and generalizes Hotelling's T-squared 

distribution in the same way that the F-distribution generalizes the t-distribution (Carey, 

1998).  

 

There are four different multivariate tests that can be used to analyse the data. Each of the 

four test statistics has its own associated F ratio. In some cases, the four tests give an exact F 

ratio for testing the null hypothesis and in other cases the F ratio is approximated. The first 

statistic is Pillai's trace. The second test statistic is Hotelling-Lawley's trace. The third is 

Wilk's lambda. The fourth and last statistic is Roy's largest root. Pillai's trace and the Wilk's 
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lambda are considered by statisticians to be the more important, powerful and robust of the 

four statistics (Carey, 1998). 

 

Further investigation of the data using MANOVA indicated the results were not significant in 

terms of statistical significance for different warm-up treatment for group differences, 

interaction of group by gender, however they were as expected differences for gender. The 

detailed MANOVA table is presented in Table 7.7. In the majority of cases the MANOVA 

results are essentially confirming the findings from ANOVA and note the MANOVA results 

are more representative of the overall treatment effects for multiple dependent variables 

across all factors and factor interactions as group, gender and group by gender.  

Table 7.7. The MANOVA Summary Table Based on Difference Scores for all Dependent 

Variables Included in the Analysis.  

a. Design: Intercept + gender + group + gender * group 

b. Exact statistic 

c. The statistic is an upper bound on F that yields a lower bound on the significance level. 

d. Computed using alpha = .05 
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7.9 Discriminant Analysis  
Since analysis of the data using MANOVA essentially confirmed the findings from ANOVA, 

indicating that the results in terms of statistical significance, the different warm-up treatments 

were not different in terms of their effects on peak torque, total work, fatigue index, indices 

of power and acceleration. The more complex discriminant function analysis illustrated this 

finding. To allow for complete and comprehensive analysis of the data, the information was 

finally examined using a discriminant function analysis test, which was used to classify cases 

into the values of a categorical dependent. Garson (2008) notes that if discriminant function 

analysis is effective for the data set, then the classification table of correct and incorrect 

estimates will yield a high percentage of correct estimates. Discriminant analysis has two 

steps: (1) an F test (Wilks' lambda) is used to test if the discriminant model as a whole is 

significant, and (2) if the F test shows significance, then the individual independent variables 

are assessed to see which differ significantly in mean by group and these are used to classify 

the dependent variable (Garson, 2008). Summaries of the various canonical discriminant 

function tests that were used to analyse the data are presented in the following tables. 

 

Five discriminant functions were derived and only the first function was marginally 

significant (p=0.043), whereas the others were not. Eigenvalues, Wilks’ Lambda statistics 

standardized canonical discriminant function coefficients are displayed in table 7.8, 7.9 and 

7.10 respectively. Essentially, it was found that there were no real differences between the 

data for each group. The follow-up discriminant analysis displays the proximity of the group 

centroids for the analysis and revealed comparable findings to the ANOVA and MANOVA 

examination of the data. These are clustered very closely together and presented in Figure 7.1 

and indicate minimal differences exist between the groups following the different treatment 

interventions.  
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Table 7.8. Eigenvalues, Percent of Variance and Canonical Correlation Values  

for Each Derived Discriminant Function.  

Eigenvalues 

Function Eigenvalue % of Variance Cumulative % 

Canonical 

Correlation 

1 1.200a 55.8 55.8 .739 

2 .535a 24.9 80.7 .590 

3 .222a 10.3 91.0 .426 

4 .132a 6.1 97.2 .341 

5 .061a 2.8 100.0 .240 

a. First 5 canonical discriminant functions were used in the analysis. 

 

Table 7.9. Wilks’ Lambda, Chi-Square, Degrees of Freedom and Significance  

for the Five Derived Discriminant Functions.   

Wilks' Lambda 

Test of Function(s) Wilks' Lambda Chi-square df Sig. 

1 through 5 .202 80.020 60 .043 

2 through 5 .444 40.588 44 .619 

3 through 5 .682 19.159 30 .937 

4 through 5 .833 9.141 18 .956 

5 .943 2.957 8 .937 

 

To determine which variables, discriminate between two or more of the treatment groups, 

eigenvalues were derived from the eigenvectors and analysis of the data was conducted using 

Wilks’ lambda, presented in Table 7.8 and 7.9, respectively. A summary of the standardized 

canonical discriminant function coefficients is presented in Table 7.10. A summary of the 

structure matrix canonical discriminant function is presented in Table 7.11.  
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Table 7.10. Summary of Standardized Canonical Discriminant Function Coefficients 

Standardized Canonical Discriminant Function Coefficients. 

Standardized Canonical Discriminant Function Coefficients 

 

Function 

1 2 3 4 5 

Sprint.10m .290 .823 -.478 .292 .004 

VJheight .608 .132 -.418 -.265 -.933 

VJflight -.770 .440 .259 -.048 .749 

VJcontact .094 .699 .327 -.417 -.203 

Total.Work300 -.537 .294 -.456 .581 -1.002 

Peak.Torque300 .677 -.200 .491 -.553 1.001 

Fatigue.Index300 .018 .035 .087 .516 -.449 

Total.Work180 .367 -.745 .052 -.058 -.119 

Peak.Torque180 .581 -.008 -.061 .234 .206 

Fatigue.Index180 -.233 .244 .693 .190 .225 

Peak.Torque60 -1.355 .386 -.275 .646 .421 

Total.Work60 .915 -.019 -.054 -.856 .111 
 

 

Table 7.11. Summary of Structure Matrix of Canonical Discriminant Function.  

Structure Matrix 

 

Function 

1 2 3 4 5 

Peak.Torque180 .472* -.145 .122 .215 .436 

Total.Work180 .468* -.405 -.124 -.011 .159 

Peak.Torque300 .392* .145 .118 .178 .243 

Total.Work300 .339* .108 -.010 .280 -.108 

Sprint.10m .381 .514* -.419 .431 .168 

Fatigue.Index180 .109 .132 .680* .392 .129 

Total.Work60 .224 .007 -.424* -.114 .195 

VJcontact .130 .356 .389* -.364 -.063 

VJflight -.125 .016 -.034 -.510* -.167 

VJheight -.088 -.017 -.052 -.503* -.232 

Fatigue.Index300 .154 .058 .119 .461* -.453 

Peak.Torque60 -.090 -.042 -.387 .061 .520* 

Pooled within-groups correlations between discriminating variables and standardized 

canonical discriminant functions  

 Variables ordered by absolute size of correlation within function. 
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*. Largest absolute correlation between each variable and any discriminant function 

 

Figure 7.1. Treatment group centroids plotted for function 1 and function 2 for six treatment    

                   conditions.   

 

To summarize, initial analysis of the data using ANOVA, followed by more comprehensive 

analysis using MANOVA, and then, follow-up discriminant function analysis found that 

there were nonsignificant to minimal changes with many of the six treatment conditions 

across the different tasks measured for power indices of vertical jump and 10 metre sprint, as 

well as peak torque, total work and isokinetic fatigue using CYBEX 340 isokinetic 

dynamometry at 60 degrees/second, 180 degrees/second and 300 degrees/second for leg 

extension. The discussion will explain in detail the possible factors for the result discovered. 
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CHAPTER EIGHT: DISCUSSION 

8.1. Background 
Despite the well documented negative effects of static and PNF stretching on muscular 

performance, pre-exercise stretching still remains a popular component of the warm-up 

period performed by fitness enthusiasts and athletes. It is assumed that part of this common 

practice is due to the historical inclusion of pre-exercise stretching and the popular notion that 

‘limbering up’ tight muscles prior to use is advantageous to sports and exercise performance. 

 

Secondly, modern research has failed to find a consensus as to what constitutes an optimal 

warm-up prior to muscular activity and what preparatory activities should be included in or 

excluded from the warm-up. To this end, the present study contributes to the body of 

literature that has examined the effects of pre-exercise stretching on strength, speed and 

power. Furthermore, the results have added to the current knowledge by examining the 

between group differences of the impact of active mobility stretching, specific warm-up sets 

and combined specific warm-up sets with PNF stretching, along with the more traditional 

methods of stretching, namely static and PNF stretching on comparable strength, speed and 

power tasks. 

 

8.2. Jumping Performance  
The present study examined the influence of varied warm-up treatments on counter 

movement vertical jump performance, namely, vertical jump height, flight time and contact 

time. The initial research hypothesis predicted that static and PNF stretching would have a 

deleterious influence on the motor function of power, as measured by a decrement in vertical 

jump height. Further, it was predicted that active mobility stretching, specific warm-up drills 



178 

 

and combined PNF/specific warm-up drills would have a positive influence on the motor 

function of power, as measured by an improvement in vertical jump. 

 

Contrary to the initial research hypothesis, the primary findings were that countermovement 

vertical jump height, flight time and contact time were not significantly impacted by static, 

PNF or active mobility stretching, specific warm-up sets, or specific warm-upsets combined 

with PNF stretching.  

 

The literature contains varying reports on the effect of stretching on jump performance. The 

majority of studies have utilized static stretching as the flexibility intervention (Power et al., 

2004; Ce et al., 2008; Knudson et al., 2001; Cornwell et al., 2001; Cornwell et al., 2002; 

Young and Behm, 2003; Robbins and Scheuermann, 2008; Wallmann et al., 2005). Studies 

by Church et al. (2001) and Young and Elliot (2001) have utilized PNF stretching. 

Christensen et al. (2008) used both PNF and dynamic Stretching. Finally, Unick et al. (2005) 

used ballistic stretching, Jaggers et al. (2008) compared ballistic and dynamic stretching, 

Samuel et al. (2008) examined static and ballistic stretching and dynamic stretching was 

compared with static stretching by Hough et al. (2009). To my knowledge, the present 

investigation is the first to examine the effect of active mobility stretching, specific warm up 

sets and combined PNF stretching with specific warm-up sets. 

 

The findings support several previous research investigations that demonstrated no significant 

effect of static stretching (Church et al., 2001; Power et al., 2004; Unick et al., 2005; Ce et 

al., 2008; Knudson et al., 2001) or PNF (Young and Elliot, 2001) on jumping performance. 
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The static stretching protocol utilized by these studies are similar to the procedures used for 

this investigation, which was, four repeats of fifteen seconds totalling 60 seconds for the 

quadriceps and hip flexors, three heads of the hamstrings, calves and gluteal muscles. The 

total stretch time for lower limbs was 12 minutes. The study by Church et al. (2001) did not 

report the duration for the stretches that covered the quadriceps, hip flexors and hamstrings. 

Power et al. (2004) used 4.5 minutes of static stretching on the quadriceps, hamstrings and 

plantar flexors. Unick et al. (2005) used 3 minutes of static stretching on the quadriceps, 

hamstrings and plantar flexor. Knudson et al. (2001) used 45 seconds of static stretching on 

the quadriceps, hamstrings and plantar flexor. Ce et al (2008) used 2 minutes of static 

stretching on the quadriceps, hip flexors, hamstrings and calves. And finally, Wallmann et al. 

(2008) used 90 seconds of static stretching of the gastrocnemius combined with 90 seconds of 

dynamic activity (hopping) prior to testing.  

 

The findings of this research on static stretching, however, disagree with the several studies 

that have reported a decrease in vertical jump or counter movement vertical jump 

performance after stretching ranging from 3.2% to 7.3% (Young and Elliot, 2001; Cornwell 

et al., 2001; Cornwell et al., 2002; Young and Behm, 2003; Robbins and Scheuermann, 2008; 

Wallmann et al., 2005), revisited outcomes of previous research are displayed in table 8.1. 
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Table 8.1. Effect of Static Stretching on Jump Performance 

Reference n Stretch 

duration per 

muscle 

Stretch 

intensity 

Effect and percentage change Effect size 

Behm et al. (2006) 18 3 x 30 s POD No effect on jump height but 

increased contact time by 

5.4% 

0.47 

Bradley et al. (2007) 18 4 x 30 s <POD ↓ vertical jump 4.0% 0.62 

Cornwell et al. (2002) 16 90 s stretch of 

quadriceps 

and gluteals 

NR ↓ concentric jump 

↓ drop jump 

NA 

Fletcher and Monte-

Colombo (2010) 

21 2 x 15 s <POD ↓ countermovement jump 

3.7% 

↓ drop jump 4.8% 

0.37 

 

0.49 

Gonzalez-Rave et al. 

(2009) 

24 3 stretches of 

3 reps x 15 s 

CMJ 

3 stretches of 

3 reps x 15 s 

SJ 

<POD No effect on jump height 

3.1% (CMJ) 

 

 

11.11% (SJ) 

0.25 

 

 

0.75 

Holt and Lambourne 

(2008) 

64 3 x 5 s POD ↓ vertical jump NA 

Hough et al. (2009) 11 1 x 30 s <POD ↓ vertical jump 1.7% 0.11 

Knudson et al. (2001) 20 3 x 15 s <POD No sig effect on jump height 

0.4% 

0.02 

Power et al. (2004) 12 3 x 45 s POD No effect on jump height 

14.3% 

1.00 

Robbins and 

Scheuermann (2008) 

20 2 x 15 s 

4 x 15 s 

6 x 15 s 

POD 

POD 

POD 

↓ vertical jump 0.8% 

↓ vertical jump 2.2% 

↓ vertical jump 3.2% 

0.20 

0.58 

0.85 

Samuel et al. (2008) 24 3 x 30 s <POD No sig effect on jump height NA 

Vetter (2007) 12 2 x 30 s 

(women) 

NR ↓ vertical jump 0.35% 0.08 

Vetter (2007) 14 2 x 30 s (men) NR ↓ vertical jump 0.9% 0.25 

Wallman et al. (2005) 14 3 x 30 s <POD ↓ vertical jump 5.6% 0.84 

Young and Elliott (2001) 14 3 x 15 s POD ↓ drop jump NA 

 

POD point of discomfort, <POD less than to the point of discomfort, NR not reported, NA 

not available. 

 

Young and Elliot (2001) found a significant reduction in drop jump performance after static 

stretching (p = 0.026). Cornwell et al. (2001) found a 4.4% decrease in vertical jump and a 

4.3% decrease in a counter movement vertical jump after 90 seconds of knee and hip extensor 
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static stretching. In a second study by Cornwell et al. (2002), the counter movement vertical 

jump deceased by 7.3% after 3 minutes of static stretching of the triceps surae muscle group. 

Young and Behm (2003) demonstrated a 3.2% drop in vertical jump after 2 minutes of static 

stretching on the quadriceps and plantar flexors. Robbins and Scheuermann (2008) showed a 

progressive decline in vertical jump performance when static stretching of the quadriceps, 

hamstrings and calves increased from 30 seconds to 90 seconds. Finally, Wallmann et al. 

(2005) showed a 5.6% decrease in vertical jump performance after 90 seconds of static 

stretching on the gastrocnemius. Of interest, the stretching protocols used in these studies 

were similar to the methods used in our investigation, making further research necessary to 

examine why the discrepancy in results.  

 

Only the studies by Church et al. (2001) and Young and Elliot (2001) have addressed the 

influence of PNF stretching on jump performance. Church et al. (2001) found a significant 

(p=0.01) decrease in vertical jump after PNF stretching. The study however did not report the 

total duration of PNF stretching nor the percentage change in performance decrement, 

making comparisons with our study problematic.  

 

In contrast to the findings of Church et al. (2001), Young and Elliot (2001) demonstrated no 

significant differences in jump performances between the PNF stretching and control 

conditions. This supports our findings that PNF stretching had no influence on jumping 

performance. 

 

The conflicting results with the effect of PNF stretching on jumping performance may be 

explained by the differences among stretching protocols and/or the types of jumping tests 

performed (countermovement vertical jump versus drop jump versus concentric-only jump). 
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For example, Church et al. (2001) used a contract-relax, agonist-contract PNF method 

involving two 10- second isometric contractions for each of the stretching repetitions. 

Whereas, Young and Elliot (2001) utilized a contract-relax method involving one 5-second 

isometric contraction followed by a 15-second passive stretch for each stretching repetition. 

In contrast, the present study used a contract-relax stretch involving five-7 second isometric 

contractions of the agonist muscle. 

 

It has been suggested that the magnitude of the performance decrement may be in direct 

proportion to the magnitude of the stretching exercises (Fowles et al., 2000). It is possible, 

therefore, that either the magnitude of the stretching or fatigue may have influenced the 

vertical jumping abilities after the PNF stretching conducted in these previous studies. 

 

Finally, there has been some evidence in the literature to suggest that less than maximal 

intensity stretching might not produce stretch-induced deficits (Knudson et al., 2001; 2004; 

Young et al., 2006). Young et al. (2006) manipulated the volume of stretching and in one 

condition had the participants stretch to 90% of the point of discomfort. The submaximal 

intensity stretch of the plantar flexors was calculated by decreasing the range of motion by 

10% from the angle achieved when the subjects were stretched at the point of discomfort. 

They found that 2 minutes of static stretching at 90% intensity had no effect on muscle 

performance (concentric calf raise and drop jump height). Knudson et al. (2001) published a 

study where the participants were stretched to a point ‘‘just before’’ discomfort. The authors 

failed to find a significant decrease in vertical jump performance. Recently, Chaouachi et al 

(2010) reported no effect with either maximal or submaximal intensity static stretching on 

jump performance that could be attributable to the participants’ trained state or recovery 

interval between stretching and testing. 
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Conversely, Behm and Kibele (2007) found a static stretching-induced deficit in jump 

performance when stretching at the point of discomfort as well as at the 50 and 75% of the 

point of discomfort. 

 

The present study defined the parameters of the stretching intensity as to the ‘barrier of 

resistance’ or to the point of mild discomfort. This correlates with the term ‘just before the 

point of discomfort’ in the literature (Young et al., 2006; Behm and Kibele, 2007) and 

reflects common practice in the fitness and personal training setting (Frederick and Frederick, 

2006). The failure to detect performance decrements in vertical jump in the present study 

may be related to the slightly lower intensity stretching used in the warm-up interventions 

compared to the studies utilizing maximum intensity stretching to the point of discomfort. 

 

The primary findings were that countermovement vertical jump height, flight time and 

contact time were not significantly impacted by static, PNF or active mobility stretching, 

specific warm-up sets, or specific warm-upsets combined with PNF stretching. This finding 

disagrees with the majority of the literature that has reported a decrease in vertical jump or 

counter movement vertical jump performance after static and PNF stretching but agrees with 

several recent studies showing no impact of prior stretching on jump performance. The 

equivocal findings in the literature may be explained in part by the duration and intensity of 

the stretching performed and/or the type of jump test conducted. 

 

The author is not aware of any studies that have utilized active mobility stretching, specific 

warm-up sets or combined PNF stretching with specific warm-ups sets, making this study the 

first to report that these methods have no impact on jumping performance.  
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8.3. 10 Meter Sprint 
The present study examined the influence of varied warm-up treatments on 10 meter sprint 

times. The initial research hypothesis predicted that static and PNF stretching would have a 

deleterious influence on the motor function of movement speed, as measured by increased 

10-meter sprint times. Further, it was initially predicted that active mobility stretching, 

specific warm-up drills and combined PNF/specific warm-up drills would have a positive 

influence on the motor function of movement speed, as measured by reduced 10-meter sprint 

times. 

 

Supporting the initial research hypothesis, the major finding was that 10-meter sprint times 

were negatively influenced by PNF stretching. In contrast, it was found that the other 

preparatory intervention, namely, warm-up sets, static and active mobility stretching and 

combined PNF stretching and warm-up sets had no significant effect on sprint times, which 

contrary to the preliminary research hypothesis.  

 

Previous studies have reported mixed findings when stretching was performed prior to 

sprinting, as shown in table 8.2. The limitations in the current body of literature reveal a lack 

in varied stretching methodologies. Analysis of the literature reveals that only static, dynamic 

or combined static with dynamic stretching has been examined prior to sprint performance. 

Studies by Fletcher and Jones (2004), Little and Williams (2006), Sayers et al. (2008) and 

Siatras et al. (2003) utilized static or dynamic stretching prior to sprint testing. Nelson et al. 

(2005b) used partner assisted static stretching. Finally, Winchester et al. (2008) and 

Chaouachi et al (2010) combined dynamic stretching with static stretching.  
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Table 8.2. The Effect of Static Stretching on Sprint Performance 

Reference n Stretch 

duration per 

muscle 

Stretch 

intensity 

Effect and percentage change Effect size 

Beckett et al. (2009) 12 6 x 20 s <POD ↓ repeated sprints 1.4% 0.87 

Chaouachi et al. (2008) 48 2 x 20 s <POD ↓ 10m sprint 0.4% 

↓ 30m sprint 1.2% 

0.07 

0.19 

Fletcher and Anness 

(2007) 

10 

8 

3 x 22 s (men) 

3 x 22 s 

(women) 

<POD 

<POD 

↓ 50m sprint 2.5% 

↓ 50m sprint 1.4% 

0.44 

0.87 

Gelen (2010) 26 1 x 20s  of 5 

stretches 

1 x 30 s of 5 

stretches 

<POD ↓ sprint and slalom dribbling 

with soccer ball 8.5% 

1.56 

Nelson et al. (2005) 16 4 x 30 s of 3 

stretches 

POD ↓ 20m sprint 1.2% 1.00 

Sayers et al. (2008) 20 3 x 30 s of 3 

stretches 

2 stretches 

<POD, 

1 stretch 

POD 

↓ 30m sprint 2.1% 0.36 

Siatras et al. (2003) 11 2 x 30 s <POD ↓ gymnast sprint speed 3.8% 0.09 

Winchester et al. (2008) 22 3 x 30 s POD ↓ 1st 20m sprint speed 1.2% 

↓ 2nd 20m sprint speed 1.2% 

↓ combined 40m sprint speed 

1.7% 

0.12 

 

0.11 

 

0.24 

 

POD point of discomfort, <POD less than to the point of discomfort.  

 

The author is not aware of any current studies that address other preparatory interventions, 

such as, PNF stretching, specific warm-up sets, active mobility stretching and combined PNF 

stretching and specific warm-up sets. Unique to my study, therefore, is that the result that 

PNF stretching negatively impacts sprint ability. 

 

Furthermore, the present data has shown that static stretching has no effect on sprint 

performance. The agrees with the findings of Little and Williams (2006) who found that six 

minutes of static stretching of the lower limbs did not significantly impact 10-meter sprint 

performance in eighteen professional soccer players. Similarly, Vetter (2007) implemented a 

variety of warm-ups that included dynamic stretching and static stretching routines in a 
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heterogeneous group of college age men and women. The warm-up with a static stretching 

component was found to have no impact on 30-meter sprint time. 

 

More recently, Chaouachi et al (2010) reported that in highly trained and non-sprint trained, 

university age physical education students, static stretching at maximal or submaximal 

intensity did not adversely affect 30-meter sprint performance, which agrees with the present 

study’s findings. 

 

The data from the present study, however, is in disagreement with previous research that has 

demonstrated that static stretching has a negative influence on sprint performance over 20-

meters (Fletcher and Jones, 2004; Nelson et al., 2005b), 30 meters (Sayers et al., 2008), 40- 

meters (Winchester, et al., 2008) and in the gymnastic vault running speed (Siatras et al., 

2004). 

 

Possible explanations for the discrepancy in the literature may be related to a number of 

factors including the age and trained status of the group, volume and intensity of the 

stretching protocol, and recovery interval between stretching and testing, discussed below. 

 

Equivocal findings exist in the literature concerning the effect of stretching on sprint 

performance. There are several studies documenting static stretching induced impairments in 

sprint time (Fletcher and Anness, 2007; Fletcher and Jones; 2004; Nelson and Kokkonen, 

2005). However, there is also evidence that more highly trained individuals are more resistant 

to these stretch-induced deficits. For example, Little and Williams (2006) reported no effect 

of static stretching on sprint times of highly trained male professional soccer players. 

Additionally, the running economy of competitive male middle distance runners (average of 
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6 years of training) was not adversely affected by prior static stretching (Hayes and Walker, 

2007).  

 

Previous studies have suggested that trained athletes might be less susceptible to the 

stretching-induced deficits than untrained (Unick et al., 2005; Egan et al., 2006). 

Accordingly, Chaouachi et al. (2010) found that that in highly trained, non-sprint trained, 

university age physical education students, static stretching at maximal or submaximal 

intensity did not adversely affect 30-meter sprint performance. The participants in the present 

study were comprised of physically fit and active human movement students and personal 

trainers. 

 

In contrast, Winchester et al. (2008) reported that when static stretching was included with a 

dynamic warm-up, it inhibited sprint performance in collegiate athletes (~20 years old). 

Similarly, Fletcher and Anness (2007) reported decreased sprint performance in 19- to 20-

year-old track and field athletes when static stretching was combined with dynamic 

stretching.  

 

The volume and timing of stretching may also be an influencing factor on sprint performance. 

While Winchester et al. (2008) reported stretch-induced 40-meter sprint impairments with 10 

minutes of stretching, no significant decrements to running performance were found by 

Chaouachi et al. (2010) with 8 minutes of static stretching or by 4 of static stretching (Vetter, 

2007), indicating that shorter duration stretching may impose less negative influence on 

sprint performance. 
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The elapsed time between stretching protocol and testing may also be a contributing factor to 

the discrepancy in the literature. For example, the sprint testing for highly trained track 

athletes was conducted 5 minutes following their stretching protocol (Winchester et al., 

2008). In the study by Chaouachi et al. (2010), static stretching was followed by 5–7 minutes 

of dynamic sport-specific activity, 2-minute recovery and a randomized allocation of assorted 

sprint, agility, and jump testing that could have placed the sprint testing for some participants 

approximately 20 minutes after the warm-up procedure. In the present study, due to random 

allocation of performance tests, the time between stretching and sprint performance may have 

been between 6-10 minutes. Research findings by Torres et al. (2008) suggest that a time of 5 

minutes or longer after stretching may allow the body to dissipate any negative effects. 

Therefore, lower volumes of static stretching and longer recovery periods may diminish 

stretch-induced impairments, potentially explaining the lack of stretching induced decrements 

in sprint performance in the current study. 

 

The present study did not show significant impairments in sprint time associated with prior 

specific warm-up sets, static and active mobility stretching and combined PNF stretching and 

specific warm-up sets. Consistent with the majority of studies, which report stretching-

induced impairments, the current study found that 10-meter sprint times was negatively 

influenced by PNF stretching. The major finding that the majority of warm-up interventions 

had no significant effect on sprint times is supported by comparable studies without stretch-

induced disruptions. Similar to previous studies, the present study’s lack of impairments may 

be attributed to the trained state of the participants, volume of stretching, or recovery interval 

between stretching and testing.  
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8.4. Cybex 340 Isokinetic Dynamometry 
The present study examined the influence of varied warm-up treatments on peak torque, total 

work and the fatigue index of the knee flexors and extensors at 300, 180 and 60 degrees per 

second using a CYBEX 340 isokinetic dynamometer. 

 

The initial research hypothesis predicted that static and PNF stretching would have a 

deleterious influence on the motor function of strength/torque, as measured by performance 

decrements in leg extension and flexion peak torque at 60, 180 and 300 degrees/second tested 

on a CYBEX 340 dynamometer. Further, it was predicted that active mobility stretching, 

specific warm-up drills and combined PNF/specific warm-up drills would have a positive 

influence on the motor function of strength/torque, as measured by performance 

improvements in leg extension and flexion peak torque at 60, 180 and 300 degrees/seconds 

tested on a CYBEX 340 dynamometer. Additionally, it was predicted that static and PNF 

stretching would have a deleterious influence on the muscular endurance, as measured by an 

increase in fatigue index/work decrement at 300 and 180 degrees/second on CYBEX 340 

dynamometer. Furthermore, it was predicted that active mobility stretching, specific warm-up 

drills and combined PNF/specific warm-up drills would have a positive influence on the 

muscular endurance as measured by a decrease in fatigue index/work decrement at 300 and 

180 degrees/second on CYBEX 340 dynamometer. 

 

The results were differed from the initial research hypothesis, the significant findings at 300 

degrees/second using isokinetic dynamometry were that peak torque, total work and fatigue 

index of the knee flexors and extensors were not impacted by static, PNF or active mobility 

stretching, specific warm-up sets or specific warm-upsets combined with PNF stretching. 
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Contrary to the initial research hypothesis, the significant findings at 180 degrees/second 

using isokinetic dynamometry was that the fatigue index of the knee flexors and extensors 

were not influenced by static, PNF or active mobility stretching, specific warm-up sets, or 

specific warm-upsets combined with PNF stretching.  

 

However, total work at 180 degrees/second increased by the performance of static stretching 

prior to testing but decreased after the use of active mobility stretching, which again was 

contrary to the initial research hypothesis. PNF stretching, specific warm-up sets and 

combined PNF with specific warm-up sets was found to have no influence on total work 

performance at 180 degrees/second, which was not predicted in the initial research 

hypothesis.  

 

Finally, peak torque at 180 degrees/second was found to be positively impacted by static 

stretching, which was not expected based on the initial research hypothesis, but negatively 

affected by PNF stretching, which was anticipated from the initial hypothesis. Active 

mobility stretching, specific warm-up sets and PNF combined with specific warm-up sets had 

no influence on performance, which failed to support the initial research hypothesis. 

 

Failing to support the initial research hypothesis, the significant findings at 60 degrees/second 

using isokinetic dynamometry were that peak torque and total work of the knee flexors and 

extensors were not impacted by static, PNF or active mobility stretching, specific warm-up 

sets, or specific warm-upsets combined with PNF stretching. 

 

Many studies that have examined the effect of static stretching on peak torque have found 

that static stretching impairs isokinetic strength (Brandenburg et al., 2006; Cramer et al., 
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2004; 2005; 2007; Mello and Gomes, 2005; Nelson et al., 2001; Yamaguchi et al., 2006; 

Zakas et al.; 2006), as summarised in table 8.3.  

Table 8.3. Effect of Static Stretching on Isokinetic Force Production. 

Reference n Stretch 

duration per 

muscle 

Stretch 

intensity 

Effect and percentage change Effect size 

Brandenburg et al. 

(2006) 

16 2 hamstrings 

stretches x 3 

reps x 15 s 

2 hamstrings 

stretches x 3 

reps x 15 s 

NR ↓ concentric torque 2.8% 

 

 

 

↓ concentric torque 3.4% 

 

0.12 

 

 

 

0.13 

Cramer et al. (2004) 21 4 sets of 4 

stretches x 30 

s 

<POD ↓ leg isokinetic peak torque 

2.7% 

0.51 

Cramer et al. (2006) 21 4 sets of 4 

stretches x 30 

s at 60os-1 

4 sets of 4 

stretches x 30 

s at 180 s-1 

<POD 

 

 

 

<POD 

↓ leg isokinetic peak torque 

1.1% 

 

 

↓ leg isokinetic peak torque 

6.5% 

0.17 

 

 

 

0.86 

Cramer et al. (2007) 15 4 sets of 4 

stretches x 30 

s at 60os-1 

4 sets of 4 

stretches x 30 

s at 180 s-1 

<POD 

 

 

 

<POD 

↓ leg isokinetic peak torque 

2.6% 

 

 

↓ leg isokinetic peak torque 

1.8% 

0.14 

 

 

 

0.08 

Marek et al. (2005) 19 4 reps x 30 s 

at 60os-1 

4 reps x 30 s 

at 300 s-1 

POD 

 

POD 

↓ leg isokinetic torque 0.4% 

↓ leg isokinetic torque 2.6% 

0.05 

 

0.26 

Nelson et al. (2001) 15 4 stretches x 4 

reps x 30 

assisted or 

unassisted 

Assisted 

POD 

 

Unassisted 

NR 

↓ leg isokinetic torque at 

slower angular velocities, but 

not higher angular velocities 

7.2% 

NA 

Siatras et al. (2008) 50 1 x 10, 20, 30 

or 60 s 

POD ↓ leg isokinetic torque only 

after 30 and 60 s stretches 

NA 

Yamaguchi et al. (2006) 12 6 stretches of 

4 sets x 30 s at 

5% MVC 

POD ↓ leg extension power 10.8% 0.47 

Yamaguchi et al. (2006) 12 6 stretches of 

4 sets x 30 s at 

30% MVC 

POD ↓ leg extension power 3.7% 0.25 

Yamaguchi et al. (2006) 12 6 stretches of 

4 sets x 30 s at 

60% MVC 

POD ↓ leg extension power 10.6% 0.56 

Zakas et al. (2005) 14 1 x 30 s 

10 x 30 s 

16 x 30 s 

<POD 

<POD 

<POD 

No sig change 

↓ isokinetic torque 3.3% 

↓ isokinetic torque 2.8% 

0.78 

0.86 

0.79 

Zakas et al. (2006) 16 3 reps x 15 s 

vs. 20 x 15 s-

300 s-1 

<POD 

 

 

<POD 

 

↓ isokinetic torque 5.2% 

 

 

↓ isokinetic torque 5.4% 

 

0.32 

 

 

0.36 
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3 reps x 15 s 

vs. 20 x 15 s-

600 s-1 

3 reps x 15 s 

vs. 20 x 15 s-

1200 s-1 

3 reps x 15 s 

vs. 20 x 15 s-

1800 s-1 

3 reps x 15 s 

vs. 20 x 15 s-

3000 s-1 

1 

 

<POD 

 

 

 

<POD 

 

 

 

<POD 

 

↓ isokinetic torque 8.4% 

 

 

 

↓ isokinetic torque 6.5% 

 

 

 

↓ isokinetic torque 12.9% 

 

 

 

0.60 

 

 

 

0.47 

 

 

 

0.89 

 

 

NR not reported, NA not available. 

 

This disagrees with the present findings that demonstrated peak torque at 300 degrees/second 

and 60 degrees/second was not affected by static stretching. Our findings are also in 

disagreement with previous studies (Brandenburg et al., 2006; Cramer et al., 2004; 2005; 

2007; Mello and Gomes, 2005; Nelson et al., 2001; Yamaguchi et al., 2006; Zakas et al.; 

2006), as the present data suggests that static stretching improved peak torque at 180 

degrees/second. 

 

Nelson et al. (2001) reported static stretching-induced decreases in isokinetic peak torque of 

the leg extensors of 7.2% at 60 degrees/second and 4.5% at 90 degrees/second. However, no 

changes at 150, 210, or 270 degrees/second were observed. It was concluded by the authors 

that the decreases in peak torque after stretching were velocity-specific and occurred 

primarily under the high torque production conditions associated with the slower velocities 

(60 and 90 degrees/second), but not the lower torque production conditions at the faster 

velocities (150, 210, or 270 degrees/second). In contrast to the study by Nelson et al. (2001), 

the present investigation found that peak torque was enhanced at 180 degrees/second after the 

performance of static stretching but there was no observed effect of static stretching of peak 

torque production at 60 or 300 degrees/second. 
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Previous studies (Cramer et al., 2004; Cramer et al., 2005; Evetovich et al., 2003) have 

demonstrated static stretching-induced decreases in peak torque at both slow (30 and 6o 

degrees/second) and fast (240 and 270 degrees/second) velocities which suggest that the 

stretching-induced decreases in peak torque may not be velocity-specific, as suggested by 

Nelson et al. (2001). Again, these findings are in contrast to the present study, which found 

peak torque to be improved at 180 degrees/second after the performance of static stretching 

with no observed effect of static stretching of peak torque production at 60 or 300 

degrees/second. 

 

A possible explanation for discrepancy in the literature is the magnitude of stretch used by 

the various research groups. Fowles et al. (2000) has suggested that the magnitude of the 

inhibitory effect of stretching may be influenced by the magnitude of the stretch. The 

conflicting results between the present study and those of Nelson et al. (2001), Evetovich et 

al. (2003), Cramer et al. (2004), and Cramer et al (2005) may be related to some unknown or 

unintended differences in stretching intensities between protocols. Indeed, previous studies 

utilizing stretching to the point of discomfort have resulted in impairments of force (Behm et 

al., 2001, 2004, 2006; Fowles et al., 2000; Kokkonen et al., 1998; Nelson et al., 2001; Power 

et al., 2004; Young and Behm 2003). 

 

Several studies which have examined the effect submaximal intensity stretching on muscular 

performance have failed to find performance deficits (Beedle et al., 2008; Knudson et al. 

2001, 2004; Young et al. 2006). However, these studies addressed the motor performance 

indices of power, using the vertical jump (Young et al., 2006; Knudson et al., 2001), tennis 

serve velocity (Knudson et al., 2004), and bench press performance (Beedle et al., 2008). 
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This makes comparisons with the present study’s use of isokinetic dynamometry 

inappropriate. Only one study (Manoel et al., 2008) examining submaximal static stretching 

on knee extensor power at 60 and 180 degrees/second reported no effect of stretching on 

performance, similar to the findings of current study. Thus, there is evidence in the literature 

suggesting that less than maximal intensity stretching might not impair the muscular 

production for force and power. 

 

In contrast, studies examining the effect of stretching to a point of mild discomfort have 

reported impairments in isokinetic peak torque (Cramer et al. 2004, 2005), vertical jump 

height (Bradley et al. 2007; Hough et al. 2009) and 30-meter sprint time (Sayers et al. 2008).  

 

Thus, while the literature that utilised stretching to the point of discomfort is overwhelmingly 

associated with stretch-induced impediments in performance, studies using submaximal 

stretching intensities, less than to the point of discomfort; do not provide clarity regarding 

static stretch-induced impairments. The present study, which is consistent with all previous 

investigations, with the exception of Young et al. (2006) and Behm and Kibele (2007), used 

subjective intensities and did not accurately measure the degree of submaximal stretch 

intensity, which, of course, is difficult to monitor in ‘real life’ settings. Therefore, more 

studies are needed that accurately monitor the degree of stretch intensity and its subsequent 

effects on range of motion and performance. 

 

In addition to the intensity of stretching potentially explaining the disparate findings between 

the present study (and other studies reporting similar results) to investigations findings 

performance impairments, the discrepancies may also be related to the type of muscular 

contraction tested. The literature implies that the effect of flexibility exercises on subsequent 
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performance is highly dependent on the type of muscular effort being carried out (Young and 

Behm, 2003). Several studies suggest that tasks highly reliant on a single muscular 

contraction to generate force are more negatively affected by acute bouts of static stretching 

(Bacurau et al. 2009; Behm et al, 2001, 2004; Costa et al. 2009; Cramer et al. 2005; Fowles et 

al. 2000; Power et al. 2004; Siatras et al. 2008). 

 

However, there are disparate findings in the literature regarding stretch-induced impairments 

on activities that require power. For example, several studies report no effect of static 

stretching on jump performance (Ce et al., 2008; Gonzalez-Rave et al., 2009; Kinser et al., 

2008; Power et al., 2004). Whereas other studies report static stretch–induced impairments in 

vertical jump performance (Bradley et al., 2007; Holt et al., 2008; Hough et al., 2009; 

Robbins and Scheuermann, 2008; Sayers et al. 2008). 

 

Similarly, disparity exists on the acute effect of static stretching on acceleration and running 

speed. There are several recent studies reporting static stretch-induced decrements in sprint 

time (Becket et al., 2009; Chaouachi et al., 2008; Fletcher and Anness, 2007; Sayers et al., 

2008; Winchester et al., 2008). This contrasts with studies showing no effect of static 

stretching on sprint performance (Hayes and Walker, 2007; Taylor et al., 2008; Vetter, 2007; 

Wong et al., 2010). 

 

This indicates that the response of multiarticular, bilateral, power-based activities, such as  

jumping and running to a single bout of static stretching, is more variable than uniarticular, 

unilateral strength leg extensions activities. Future studies are needed to explore this area in 

greater detail. 
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The majority of investigations that examined peak torque capability utilized static stretching 

as the warm-up intervention. Marek et al. (2005) combined static with PNF stretching. The 

data from this research confirms the findings of Marek et al. (2005) who demonstrated a 

2.8% reduction in knee extension peak torque at 60 and 300 degrees/second after two minutes 

of combined static and PNF stretching.  

 

Unique to the present investigation was the use of specific warm-up sets, active mobility 

stretching and combined specific warm-up sets with PNF stretching. The significant 

contribution to the literature is that these warm-up protocols have no influence on peak torque 

of the knee extensors and flexors at 300, 180 and 60 degrees/second. 

 

In conclusion, the major finding of the present study is that there were no significant changes 

with many of the six treatment conditions across the different tasks measured. Small changes 

in 10-meter sprint times (↓ with PNF) and peak torque (↑ static, ↓ PNF) and work done (↑ 

static, ↓ active mobility) at 180 degrees/second were observed.  

 

Vertical jump height, flight time and contact time was not influenced by any warm-up 

treatment. This finding disagrees with the majority of the literature that has reported a 

decrease in vertical jump or counter movement vertical jump performance after static 

stretching (Young and Behm, 2003; Wallmann et al., 2005).  

 

Sprint times were negatively influenced by PNF stretching. Warm-up sets, static and active 

mobility stretching and combined PNF stretching and warm-up sets had no effect. This 

agrees, in part, with prior studies indicating that stretching has a negative effect on sprinting 
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performance over 20-meters (Fletcher and Jones, 2004; Nelson, et al., 2005b) and 40-meter 

(Winchester, et al., 2008) and in the gymnastic vault running speed (Siatras et al., 2004). 

 

Peak torque, total work and fatigue index at 300 degrees/second was not impacted by any 

warm-up treatment. This finding is different from the majority of studies, which have found 

that stretching impairs peak torque (Cramer et al., 2004; Nelson et al., 2001). 

 

The data suggests that lower limb strength and ability to perform work at speeds around 180 

degrees/second might be improved after the performance of static stretching but impaired 

after PNF and active mobility stretching, respectively. All other interventions had no effect. 

The finding of the PNF intervention agrees with previous studies. The other results are at 

odds with the majority of studies, which have found that stretching impairs peak torque. Peak 

torque at 60 degrees/second was not affected by any warm-up intervention. This is at odds 

with the majority of studies, which have found that stretching impairs peak torque. Possible 

explanations for the discrepancies in the findings may be related to the type of muscle 

contraction and number of joints involved, speed of muscular contraction, and the duration 

and intensity of stretching. 

 

8.5. The Influence of Gender on Varied Warm-Ups and Muscular Performance 
This research did not identify interaction effects of gender by treatment. This confirms the 

findings from several previous investigations (Church et al. 2001; Unick et al. 2005; Egan, et 

al. 2006; Dalrymple, et al. 2010). Church et al. (2001) who found no effect of static stretching 

on vertical jump performance in forty female NCAA Division 1 players from tennis, rowing, 

and volleyball teams and jumpers, throwers, and sprinters from track and field. Unick et al. 

(2005) reported no deleterious effects when static and dynamic stretching was performed for 
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four minutes prior to vertical jump performance in a group of female basketball players. 

Similarly, Dalrymple, et al. (2010) showed that peak jump height during counter movement 

jump performance was not significantly different for up to five minutes after both static 

stretching and dynamic stretching protocols in a group of Division II female volleyball 

players. Finally, Egan et al. (2006) failed to show any negative effects of static stretching on 

isokinetic strength in trained NCAA Division I female basketball players. 

 

In contrast, Thompsen et al. (2007) reported a significant decrease in vertical jump height 

performed two minutes after three repetitions of static stretching for the hip, knee, and ankle 

extensors held for twenty seconds in a group of female athletes comprising primarily 

basketball and ice hockey players. Further, Thompsen et al. (2007) found that vertical jump 

height was significantly greater after a series of dynamic warm-up exercises compared with 

jump performance after static stretching. Additionally, Church et al. (2001) found reductions 

in vertical jump height after the performance of three PNF contract-relax stretches for the 

quadriceps and hamstrings in 40 female Division 1 athletes competing in tennis, rowing, 

volleyball and track and field. 

 

Interestingly, the previous studies that report no negative effect of static or dynamic 

stretching on jump performance investigated a group of athletes who could be considered 

trained in the vertical jump as basketball and volleyball players and track and field athletes. 

In contrast, the subjects analysed by Thompsen et al. (2007) would not be considered trained 

in the vertical jump movement (primarily ice hockey players). The female participants in the 

present study were comprised primarily of human movement students and personal trainers, 

who all had considerable familiarity with jumping-based movements, such as track and field 

sports, netball, volleyball and basketball. Therefore, skill level and familiarity with the 
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performance test appear to have a significant influence on the acute effects of stretching on 

subsequent jumping performance (Young 2007). 

 

The duration of the static stretching protocol and the training status of the participant has also 

been suggested as an influencing factor on subsequent athletic performance, with longer total 

stretch durations potentially causing a greater decrement in performance (Behm and 

Chaouachi 2011; Rubini, et al. 2007). 

 

Church et al (2001) did not list the total stretching time used in their study. Both Dalrymple et 

al. (2010) and Unick et al. (2005) used stretch protocols lasting a total of 180 seconds, 

whereas the protocol of Thompsen et al. (2007) lasted 240 seconds. The average stretching 

time for the present study was 60 seconds each for the planter flexors, quadriceps, gluteals 

and the three heads of the hamstrings, totalling 360 seconds. Thus, the results from the 

present study do not support previous investigations which suggest that longer duration 

stretching has a greater negative impact on performance than shorter duration stretching, as 

the total stretching duration in the present study was greater than those used where 

performance decrements where found (Thompsen et al. 2007). 

 

At this point in time, the majority of studies involving females have failed to find a reduction 

in jumping performance after the performance of static stretching (Church et al. 2001; Unick 

et al. 2005; Dalrymple, et al. 2010). This is in contrast with several studies investigating the 

effects of static stretching on vertical jump performance in men, which have generally 

reported reductions in jump height (Cornwell et al. 2001; Cornwell et al. 2002; Young et al. 

2006).  
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Hoge et al. (2010) found increased range of motion after twenty minutes of passive stretching 

for the female participants, but not for the males. Furthermore, the study reported that there 

were no stretching induced changes in musculotendinous stiffness, but musculotendinous 

stiffness was higher for the men than for the women throughout the study, indicting a gender 

interaction in flexibility and musculotendinous stiffness, which is believed to have an 

influence on muscular effort (Costa et al. 2010; Herda et al. 2010; Ryan et al. 2008a; Walshe 

and Wilson 1997) by inducing changes in the viscoelastic properties and stiffness of the 

musculotendinous unit (Cornwell et al. 2002; Cramer et al. 2004, 2005; Fowles et al. 2000; 

Nelson et al. 2001a; Torres et al. 2007), negatively impacting the transmission of forces and 

the rate of force transmission, which are essential variables in jumping performance (Walshe 

and Wilson 1997). This gender interaction and the resultant effect on various measures of 

performance requires further research. 

 

The present study supports previous research examining isokinetic torque in females. In a 

study measuring peak torque and mean power output during maximal, voluntary concentric 

isokinetic leg extensions at 60 and 300 degrees/second, Egan et al. (2006) found no effect on 

performance in trained females when four static stretching exercises for the leg extensor 

muscles with four repetitions of each stretch, held for thirty seconds was performed prior.  

 

The average duration of the stretching protocol used by Egan et al. (2006) was approximately 

eight minutes, which is considerably more than the present study (60 seconds on the knee 

extensors). In conjunction with previous studies (Church et al. 2001; Unick et al. 2005 

Dalrymple, et al. 2010), these findings suggested that the training status of the participant 

may be a more important factor in effecting subsequent muscular performance than the 

duration of stretching in female subjects. 
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In summary, it has been suggested that both the familiarity with the performance test and the 

skill and the training status of the participants, as well as the duration of the stretching 

protocol, influence the effects of static stretching (Behm and Chaouachi 2011; Rubini, et al. 

2007). The present study agrees with this concept, indicating that stretching demonstrates less 

influence on performance in trained female participants who are familiar with jumping based 

activities for their chosen sport. However, the results of the present study do not support the 

concept that greater durations of stretching have a more profound negative effect of muscular 

performance than shorter durations. 

 

When assessing the published research on the topic, making comparisons between studies is 

complex (Behm and Chaouachi 2011). There are several identifiable factors that may 

interfere with the interpretation of the body of literature, one of which may be related to 

gender issues. Essentially, there are far less studies utilizing female participants than male 

subjects. Thus, the results of the present study add to the current body of literature presenting 

data on the effects of varied warm-up treatments on muscular performance in females, and in 

demonstrating the lack of gender interaction between varied warm-up modalities and the 

performance of activities which require strength, speed, power and muscular endurance. The 

present study supports previous investigations (Church et al. 2001; Unick et al. 2005; Egan, 

et al. 2006; Dalrymple, et al. 2010) that suggest training experience and familiarity with the 

performance tests have a mitigating effect on the negative influence usually seen when 

stretching is performed prior to muscular performance in males (Cornwell et al. 2001; 

Cornwell et al. 2002; Young et al. 2006). 
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CHAPTER NINE: SUMMARY AND CONCLUSIONS 

 

9.1. Background 
Traditional practice has included some form of stretching as part of the warm-up prior to 

muscular effort in order to prevent injuries, increase range of motion, enhance performance 

and reduce post training soreness (Anderson, 2005; Shrier, 2004; Thacker et al., 2004). The 

inclusion of pre-exercise stretching in the warm-up period has been a popular and accepted 

practice for decades (Young and Behm, 2002). 

 

However, there are a number of studies which have reported significant decrements in 

maximal force or torque production (Behm et al., 2001; Cornwell et al., 2002; Evetovich et 

al., 2003; Fowles et al., 2000; Kokkonen et al., 1998), power production and vertical jump 

performance (Church et al., 2001; Cornwell et al., 2001; Fry et al., 2003; Young and Behm 

2003; Young and Elliot, 2001), balance, reaction and movement time (Behm et al., 2004; 

Avela et al., 1999; Behm et al., 2001; Fowles et al., 2000; Guissard et al., 1988; 2001; Power 

et al., 2004) and running velocity and speed of movement (Nelson et al., 2006; Fletcher and 

Jones, 2004; Siatras et al., 2003; Noffal et al., 2004) after the performance for static 

stretching. 

 

The reduction in force and power production after flexibility drills is not limited to static 

stretching. Decreased muscular performance has also been demonstrated after ballistic 

stretching (Nelson and Kokkonen, 2001), active stretching (Cramer et al., 2004) and PNF 

stretching (Rubini et al. 2005; Marek et al. 2005; Mello and Gomes, 2005). Moreover, similar 

stretching-induced decrements in muscular strength capabilities have been reported with the 
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use of both static (Fowles et al., 2000), active (Cramer et al., 2004) and PNF stretching 

(Marek et al., 2005) stretching. 

 

These stretch-induced impairments have been reported to occur as early as 1-minute post-

stretching (Behm et al., 2004) continuing for 120 minutes post-stretching (Power et al., 

2004). Additionally, performance decrements have been demonstrated with both short 

(Young and Behm, 2003) and long (Fowles et al., 2000) duration stretching.  

 

In contrast, not all investigations have found negative effects of stretching on performance. 

Several investigations have failed to find any detrimental effects of stretching on strength and 

power production (Muir et al., 1999; Mello et al., 2002; Garrison et al., 2002; Bandeira et al., 

2003; Cramer et al., 2004; Behm et al., 2004; Egan et al., 2006; Wallmann et al., 2008; 

Torres, et al., 2008; Taylor et al., 2009; Wong et al. 2010). 

 

Possible explanations for the discrepancy in the literature include the duration and intensity 

of the stretching protocol prior to testing, the training experience of the subjects, and the 

amount of rest allowed between the stretching and the testing (Young, 2007; Rubini et al., 

2007; Torres et al. 2008). 

 

Furthermore, a limitation of the majority of current studies involves investigating only one 

specific type of stretching with only several papers examining two different methods 

(Bacurau et al., 2009; Beedle and Mann, 2007; Fletcher and Anness, 2007; Fletcher and 

Jones, 2004). Due to the necessarily subjective nature of active, passive and partner 

stretching, some of the discrepancy in the literature may be due to the personal application of 

the stretching protocol on the subject. This makes comparisons between studies problematic 
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and drawing practical conclusions from the literature difficult. To date, the author is not 

aware of any study that has utilized between group comparisons based on gender, using 

multiple stretching and warm-up methods on comparable strength/torque, power, speed and 

muscular endurance tasks. 

 

Furthermore, the discrepancies in the literature may also be related to the type of muscular 

contraction tested. The effect of flexibility drills on subsequent performance is highly 

dependent on the type of muscular effort being carried out (Young and Behm, 2003). The 

literature reveals that tasks highly reliant on a single muscular contraction to generate force 

are more negatively affected by acute bouts of static stretching (Bacurau et al., 2009; Behm et 

al, 2001, 2004; Costa et al., 2009; Cramer et al., 2005; Fowles et al., 2000; Power et al., 2004; 

Siatras et al., 2008).  

 

However, there are disparate findings in the literature regarding stretch-induced impairments 

on activities that require power. For example, several studies report no effect of static 

stretching on jump performance (Ce et al., 2008; Gonzalez-Rave et al., 2009; Kinser et al., 

2008; Power, 2004). Whereas, other studies report static stretch–induced impairments in 

vertical jump performance (Bradley et al., 2007; Holt et al., 2008; Hough et al., 2009; 

Robbins and Scheuermann, 2008; Sayers et al., 2008). 

 

Similarly, disparity exists on the acute effect of static stretching on acceleration and running 

speed. There are several recent studies reporting static stretch-induced decrements in sprint 

time (Becket et al., 2009; Chaouachi et al., 2008; Fletcher and Anness, 2007; Sayers et al., 

2008; Winchester et al., 2008). 
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This contrasts with studies showing no effect of static stretching on sprint performance 

(Hayes and Walker, 2007; Taylor et al., 2008; Vetter, 2007; Wong et al., 2010). This 

indicates that the response of multiarticular, bilateral, power-based activities, such as jumping 

and running to a single bout of static stretching is more variable than uniarticular, unilateral 

strength as in leg extensions activities. 

 

Another limitation of previous research is that the static stretching protocols investigated are 

often not representative of typical warm-up methods used by athletes in performance or 

fitness settings (Young and Behm, 2003; Taylor et al., 2008). For instance, the total duration 

of pre-performance static stretching for which negative performance effects have occurred 

range from 90 seconds up to 20–30 minutes per muscle group (Behm and Young, 2003; 

Kokkonen et al., 1998; Behm et al., 2001; Fowles et al., 2000). However, in fitness settings 

and in preparation for sports training and competition, typical stretch routines generally only 

last for 10–30 seconds per muscle group, with 2–3 repetitions.   

 

Furthermore, performance testing is typically conducted immediately after stretching 

protocol, while in practise, further dynamic warm-up activities as in game-related drills, run 

throughs and warm-up sets are often performed following stretching. This point is significant, 

since dynamic activities performed after stretching may attenuate any decrease in force and 

power development (Sim et al., 2009; Taylor et al., 2008; Wong et al., 2010). 

 

Related to this, variables associated with stretching are often examined in research studies in 

isolation. Since stretching can be performed with prior sports specific drill rehearsal or 

subsequent movement specific activities, the interaction of these different variables must be 
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examined to ensure that stretching induced detriments to performance do exist in more 

natural settings. 

 

To summarize, there are several major identifiable limitations in the literature that have 

potentially resulted in the different findings of the collective body of studies and thus leave 

coaches and trainers with practical recommendations that are confused, conflicting and 

unclear. These include, excessive stretching duration, which may not reflect common 

practices in sport; small sample sizes utilised in previous research of this nature (typically 

less than 20 subjects), limited use of varied stretching methods and/or maximum tension 

static or PNF stretching, a paucity of investigations into combined stretching, alternative 

stretching methods or the use of specific warm-up sets, a lack of multivariate statistical 

analysis utilized to identify more complex treatment effects, a lack of between group 

comparisons of several stretching methods on comparable strength tasks or other tasks such 

as power, speed and muscular endurance, as well as gender differences, and a deficiency in 

studies using multivariate approaches that examine the influence of stretching simultaneously 

across strength, power, speed and muscular endurance to assess overall effects on human 

movement.  

 

9.2. Research Design 
To deal with the short comings in the research with the intention of identifying the optimal 

preparation for force, power and speed production, the present study was designed and 

conducted to address the influence of different types of stretching and warm-up protocols in 

the development of strength/ torque, power, speed and muscular endurance to develop more 

definitive results by larger sample sizes, with increased treatment groups utilizing different 

warm-up strategies and different genders (to analyse gender specific effects). This was 



207 

 

combined with more comprehensive statistical analyses than has been traditionally used to 

examine the more complex interactions and overall treatment influences, such as MANOVA, 

mixed ANOVA, ANCOVA and discriminant analysis.  

 

The research design involved sixty healthy, physically fit, active males and females 

volunteering to participate in the study. The participants were randomly assigned to one of 

six treatment groups. Each treatment group comprised of ten participants. The treatment 

groups consisted of three separate flexibility interventions (static, PNF and active mobility 

stretching), one specific warm-up intervention, one combined PNF with specific warm-up 

intervention and one control group. All subjects were tested pre and post intervention using 

the following measurements: Leg strength/torque, muscular work and fatigue index were 

tested on a CYBEX 340 dynamometer, leg power was obtained by the vertical jump test on a 

Swift Speedlight jump reaction board, and running speed was tested by a 10-meter sprint time 

using Swift Speedlight Timing System (nearest .01s). 

 

9.3. Research Findings 
Vertical jump results indicated that there was no significant change observed in any of the six 

treatment conditions for the height, flight time or contact time of the vertical jump. 

 

10-meter sprint times showed that sprint times were negatively influenced by PNF stretching. 

Warm-up sets, static and active mobility stretching and combined PNF stretching and warm-

up sets had no effect on sprint performance. Thus, the data indicates that PNF stretching had 

a negative impact on sprint performance which was negated by the inclusion of specific 

warm-up drills performed after the PNF stretching. 
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Peak torque, total work and fatigue index at 300 degrees/second revealed that peak torque, 

total work and fatigue index were not impacted by any warm-up treatment.  

 

Peak torque, total work and fatigue index at 180 degrees/second showed that peak torque and 

ability to perform work were improved after the performance of static stretching. However, 

PNF stretches and active mobility stretching impaired performance. All other interventions 

had no effect.  

 

Finally, it was found that peak torque at 60 degrees/second was not influenced by any warm-

up intervention. 

 

9.4. Conclusions and Recommendations 
The major finding, based on the results from the MANOVA analysis, was there were no 

significant changes with many of the six treatment conditions across the different tasks 

measured and no interactions effects were elicited by on the gender by group factor 

interaction.  

 

It was concluded for coaches and athletes participating in activities that require jumping 

ability, it makes no difference to performance whether one includes or excludes pre-exercise 

stretching, using PNF, static, active mobility stretching, specific warm-up drills or combined 

PNF and warm-up drills. 

 

For coaches and athletes participating in activities that require running speed and 

acceleration, it is advised to avoid PNF stretching prior to exercise. The results indicate that it 

makes no difference to sprint performance whether one includes or excludes pre-exercise 
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static, active mobility stretching, specific warm-up drills or combined PNF and warm-up 

drills. If one does wish to use PNF stretching as the mode of flexibility augmentation, then it 

is advised that specific warm-up sets be performed prior to maximal sprinting effort in order 

to reverse the negative influence of PNF stretching on sprint performance. 

 

For coaches and athletes participating in activities that require lower limb muscle strength, it 

makes no difference to performance whether one includes or excludes pre-exercise PNF, 

static, active mobility stretching, specific warm-up drills or combined PNF and warm-up 

drills. 

 

The evidence from the present study suggest that lower limb strength at isokinetic speeds 

approximating 180 degrees/second might be improved after the performance of static 

stretching. However, the data indicates that the ability to perform work at the same speed 

might be impaired after PNF and active mobility stretching. It makes no difference to 

performance whether specific warm-up drills or combined PNF and warm-up drills are used 

as part of the warm-up strategy. 

 

Although there is strong previous evidence regarding the deleterious effects of stretching 

prior to muscular effort, the present study agrees with numerous modern investigations 

reporting no significant changes with many of the six treatment conditions across the 

different muscular performance tasks measured. Warm-up protocols utilised in the present 

study may not adversely affect performance with dynamic stretch-shortening cycle (SSC) 

activities, uniarticular production of force/torque, power and work capacity or contractions 

that involve a longer period for the storage of elastic energy, such as those that occur during 

strength training. Furthermore, shorter durations of stretching, representative of common 
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practice in sports and fitness settings within a warm-up, such as a total stretching duration per 

muscle of less than 60 seconds per muscle group may not negatively impact subsequent 

performance, especially if the population is more highly trained.  

 

However, it would be wise to exert caution when implementing PNF stretching of any 

duration, without the addition of specific warm-up drills, for any population when high-

speed, rapid SSC, explosive forces are necessary, such as during sprinting and acceleration, 

particularly if any decreases in performance, however small, would be important. Similarly, it 

would be judicious to avoid active mobility and PNF stretching without specific warm-up 

sets prior to activities that demand maximal force production and work capacity at movement 

speeds 180 degrees/second. 

 

Based on the present findings, for activities involving force production, such as resistance 

training, and for sports requiring jumping performance, the optimal warm-up should 

commence with either submaximal intensity stretching, such as static, PNF or active mobility 

drills and finished with the performance of specific warm-up sets. This would be based on 

available time restraints and the needs of the client or athlete. For example, in a personal 

training or fitness setting, if the participant was in need of flexibility development due to 

chronic tightness in specific areas or acutely tight muscles based on previous physical 

activities which would restrict range of movement needed for the optimal performance of 

certain lifts, such as squatting, deadlifting and bench pressing, it would be advised to perform 

stretching followed by specific warm-up sets prior to strength training. Alternatively, if the 

fitness participant or athlete did not require stretching due to the absence of flexibility 

imbalances, then they would commence their training session by performing specific warm-

up sets in isolation prior to the main session or competition. 
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The optimal warm-up for fitness participants or athletes involved in sprinting and 

acceleration based activities would be similar to the above guidelines with the exception of 

avoiding PNF stretching in isolation. However, the addition of specific warm-up sets to PNF 

stretching negates the negative effect that PNF stretching exerts or sprint ability. It would be 

recommended to always perform specific, progressive ‘run throughs’ prior to maximal 

sprinting performance. 

 

For sports performance or fitness activities that involve peak force and work capacity at 

contraction speeds around 180 degrees/second, such as during strength training, it is 

suggested that the optimal warm-up incorporate either static stretching followed by specific 

warm-up sets or PNF stretching followed by specific warm-up sets, if the participant requires 

increased range of motion prior to muscular effort. If the athlete is in no need of greater 

flexibility, using specific warm-up sets alone is considered the optimal warm-up activity. 

Active mobility and PNF stretching in isolation is not recommended as an optimal warm-up 

strategy. 

 

Finally, it must be noted that the data from the present study indicates that static stretching 

improved peak torque and work capacity of limb movement at 180 degrees/second, 

suggesting possible unique mitigating factors derived from static stretching. Static stretch-

induced changes in muscle compliance which may affect the length–tension relationship of 

the muscle and possibly augment performance with dynamic SSC activities or contractions 

that involve a longer period for the storage of elastic energy and the application of forces over 

more prolonged periods. Therefore, it is advised that static stretching, along with specific 
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warm-up sets, be incorporated in the optimal warm-up prior performance involving muscular 

contraction speeds around 180 degrees/second, such as during resistance training.  

 

All warm-up methods examined in the present study can increase range of motion and 

stretching still plays an important role for health-related benefits associated with flexibility 

and particular sports or activities that necessitate a great increase in static range of motion 

relative to the flexibility of the athlete or fitness participant.  

 

The present study has demonstrated that there were no significant changes with many of the 

six warm-up conditions across the different strength, speed and power tasks measured. The 

American College of Sports Medicine (ACSM) guidelines (1998; Garber et al., 2011) 

recommend that all individuals should include some form of stretching in their overall fitness 

and wellness activities for the health and functional benefits associated with increased range 

of motion and musculotendinous compliance, unless they have already attained a superior 

level of flexibility. Therefore, the inclusion of pre-exercise stretching prior to the specific 

warm-ups drills and subsequent muscular performance is a decision that can be based on the 

individual’s available training time, specific flexibility demands of the chosen sport or 

resistance training movement and need for augmented range of motion without fear that the 

use of such flexibility methods will impair performance. 

 

Flexibility and strength are fitness components that are fundamental in many sports 

modalities and even for common activities of daily living. Training for flexibility and 

strength is widely recommended for those who wish to attain increased fitness levels and a 

better quality of life. Previous reviews have discouraged the use of static and PNF stretching 

prior to strength training for the alleged reduction in the muscle’s force producing 
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capabilities. The results of the present study, in acknowledging the benefits that a well-

designed flexibility regime can impart on health, quality of movement and ability to perform 

tasks that require increased range of motion, encourages the fitness participant or athlete to 

incorporate, where time permits and flexibility augmentation is warranted, either static, PNF 

or active mobility stretching in conjunction with specific, progressively intensified warm-up 

sets prior to training or performance, without fear of performance degradation. 

 

As mentioned at the opening of this chapter, traditional wisdom has included some form of 

stretching as part of the warm-up prior to muscular effort in order to prevent injuries, increase 

range of motion, enhance performance and reduce post training soreness, which has been a 

popular and accepted practice for decades. Recently, both static and PNF stretching has been 

replaced in the warm-up by dynamic stretching. The results of the present study, contra 

current recommendation, support the traditional view of a warm-up and suggest that both 

static and PNF stretching can be included on a needs basis in the warm-up without fear of 

reductions in performance. 

 

To conclude, antecedent activities or warm-up activities are included in many sports prior to 

maximal effort competition, in the belief that subsequent performances will be enhanced. The 

outcomes of such practices based on this research indicate the interactions at the 

holistic/organism level and dependent on torque, work, power and acceleration are complex. 

This requires the coach to have an understanding of the complex effects of different types of 

warm-up protocols that differentially influence the biomechanical constructs of torque, work, 

power and acceleration. The applied sport implication is a further fine tuning of warm-up 

protocols articulated with sport specific outcome. 
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APPENDICES 

APPENDIX 1 - Descriptive Statistics  

Table 1.1. Gender statistics for age, height and weight.  

 N Mean Std. Deviation Std. Error 

Age male 32 23.8750 8.00302 1.41475 

female 28 21.1071 6.34992 1.20002 

Total 60 22.5833 7.35145 .94907 

Height male 32 181.6563 8.04267 1.42176 

female 28 167.8214 4.98927 .94288 

Total 60 175.2000 9.68626 1.25049 

Weight male 32 79.6250 10.26975 1.81545 

female 28 58.9286 6.40560 1.21055 

Total 60 69.9667 13.51329 1.74456 

Table 1.2. Group statistics for age, height and weight with each treatment group.  

 N Mean Std. Deviation Std. Error 

Age PNF 10 23.8000 7.48034 2.36549 

Static 10 32.9000 10.65051 3.36799 

Control 10 19.8000 2.61619 .82731 

Specific 10 19.9000 2.60128 .82260 

Active mobility 10 19.9000 3.63471 1.14940 

PNF specific 10 19.2000 .91894 .29059 

Total 60 22.5833 7.35145 .94907 

Height PNF 10 177.9000 9.14634 2.89233 

Static 10 176.8000 5.47317 1.73077 

Control 10 169.8000 7.62744 2.41201 

Specific 10 173.4000 10.85459 3.43252 

Active mobility 10 178.2000 11.07349 3.50175 

PNF specific 10 175.1000 12.07799 3.81939 

Total 60 175.2000 9.68626 1.25049 

Weight PNF 10 74.8000 14.70299 4.64949 

Static 10 74.3000 12.34729 3.90456 

Control 10 62.4000 9.70910 3.07029 

Specific 10 65.0000 10.94430 3.46089 

Active mobility 10 75.8000 15.98471 5.05481 
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PNF specific 10 67.5000 13.28533 4.20119 

Total 60 69.9667 13.51329 1.74456 

Appendix 2   

 

Table 2.1. Multivariate MANOVA test summary table and for gender, treatment group and 

gender by treatment group interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect Value F Hypothesis df Error df Sig. 

Partial Eta 

Squared Observed Powerd 

Intercept Pillai's Trace .387 1.943b 12.000 37.000 .061 .387 .817 

Wilks' Lambda .613 1.943b 12.000 37.000 .061 .387 .817 

Hotelling's Trace .630 1.943b 12.000 37.000 .061 .387 .817 

Roy's Largest Root .630 1.943b 12.000 37.000 .061 .387 .817 

gender Pillai's Trace .465 2.675b 12.000 37.000 .011 .465 .938 

Wilks' Lambda .535 2.675b 12.000 37.000 .011 .465 .938 

Hotelling's Trace .868 2.675b 12.000 37.000 .011 .465 .938 

Roy's Largest Root .868 2.675b 12.000 37.000 .011 .465 .938 

group Pillai's Trace 1.212 1.093 60.000 205.000 .320 .242 .983 

Wilks' Lambda .203 1.197 60.000 177.035 .185 .273 .982 

Hotelling's Trace 2.220 1.310 60.000 177.000 .091 .307 .995 

Roy's Largest Root 1.329 4.540c 12.000 41.000 .000 .571 .998 

gender * group Pillai's Trace 1.015 .870 60.000 205.000 .733 .203 .935 

Wilks' Lambda .294 .882 60.000 177.035 .710 .217 .904 

Hotelling's Trace 1.508 .890 60.000 177.000 .695 .232 .934 

Roy's Largest Root .710 2.426c 12.000 41.000 .017 .415 .917 
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Appendix 3  

 

Table 3.1. Multivariate MANOVA test summary table and for gender, treatment group and 

gender by treatment group interaction. 

 

 

  

Source Dependent Variable 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared Observed Powerm 

gender Sprint.10m .123 1 .123 12.146 .001 .202 .927 

VJheight .000 1 .000 .029 .865 .001 .053 

VJflight .000 1 .000 .105 .747 .002 .062 

VJcontact .035 1 .035 9.889 .003 .171 .869 

Total.Work300 126355.496 1 126355.496 1.578 .215 .032 .234 

Peak.Torque300 520.152 1 520.152 2.986 .090 .059 .395 

Fatigue.Index300 2861.364 1 2861.364 .442 .510 .009 .100 

Total.Work180 31520.709 1 31520.709 .737 .395 .015 .134 

Peak.Torque180 46.058 1 46.058 .360 .551 .007 .090 

Fatigue.Index180 145.425 1 145.425 .484 .490 .010 .105 

Peak.Torque60 22.767 1 22.767 .060 .808 .001 .057 

Total.Work60 16.685 1 16.685 .033 .856 .001 .054 

group Sprint.10m .355 5 .071 7.001 .000 .422 .997 

VJheight .016 5 .003 .490 .782 .049 .169 

VJflight .016 5 .003 .753 .588 .073 .247 

VJcontact .026 5 .005 1.484 .213 .134 .476 

Total.Work300 326452.577 5 65290.515 .816 .545 .078 .267 

Peak.Torque300 928.615 5 185.723 1.066 .391 .100 .346 

Fatigue.Index300 8900.955 5 1780.191 .275 .925 .028 .111 

Total.Work180 571428.921 5 114285.784 2.673 .033 .218 .766 

Peak.Torque180 1174.669 5 234.934 1.835 .124 .160 .576 

Fatigue.Index180 830.718 5 166.144 .553 .736 .054 .187 

Peak.Torque60 491.581 5 98.316 .257 .934 .026 .107 

Total.Work60 2243.294 5 448.659 .890 .495 .085 .290 

gender * group Sprint.10m .048 5 .010 .946 .460 .090 .308 

VJheight .025 5 .005 .768 .578 .074 .252 

VJflight .012 5 .002 .560 .730 .055 .189 

VJcontact .028 5 .006 1.566 .188 .140 .500 

Total.Work300 299729.813 5 59945.963 .749 .591 .072 .246 

Peak.Torque300 1481.836 5 296.367 1.701 .152 .151 .539 

Fatigue.Index300 8982.570 5 1796.514 .277 .923 .028 .112 

Total.Work180 215069.250 5 43013.850 1.006 .425 .095 .327 

Peak.Torque180 456.269 5 91.254 .713 .617 .069 .235 

Fatigue.Index180 1361.597 5 272.319 .906 .485 .086 .295 

Peak.Torque60 388.581 5 77.716 .203 .959 .021 .094 

Total.Work60 539.237 5 107.847 .214 .955 .022 .096 
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Appendix 4  

Comparison of ANOVA Gain-Difference Scores, Mixed ANOVA and ANCOVA 

According to Dimitrov and Rumrill (2003, p.164) and in conflict with “traditional 

misconception, the reliability of gain or posttest minus pretest scores is high in many 

practical situations, particularly when the pre- and posttest scores do not have equal variance 

and equal reliability. The possible unreliability of gain scores does not preclude valid testing 

of the null hypothesis related to the mean gain score in a population.” The following example 

based three analyses using gain/difference score, mixed ANOVA with repeated measures (pre 

to post comparison) and ANCOVA indicate very similar results based on the same set of 

data, that is the pretest to and posttest vertical jump heights. The relevant p-values are 

highlighted in bold print and indicate group, gender and gender by group interactions using 

gain/difference and ANCOVA methods. The mixed factor repeated measures design with pre 

to posttest scores as dependent variables where p-values are equal to the difference method 

and highlighted in bold print.   

 

Table 4.1. Tests of Between-Subjects Effects. 

 

Difference method 
 

Dependent Variable:   VJ height   

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta 

Squared 

Noncent. 

Parameter 

Observed 

Powerb 

Corrected Model .042a 11 .004 .569 .844 .115 6.264 .266 

Intercept .008 1 .008 1.196 .280 .024 1.196 .188 

gender .000 1 .000 .029 .865 .001 .029 .053 

group .016 5 .003 .490 .782 .049 2.450 .169 

gender * group .025 5 .005 .768 .578 .074 3.839 .252 

Error .318 48 .007      

Total .386 60       

Corrected Total .360 59       

a. R Squared = .115 (Adjusted R Squared = -.087) b. Computed using alpha = .05 
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Table 4.2. Tests of Repeated Measures Interaction Effects.  

 

 

 

Table 4.3. Tests of Between-Subjects Effects for ANCOVA.  

 

Repeated Measures  

Tests of Within-Subjects Contrasts 

Measure  

Source factor1 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta 

Squared 

Noncent. 

Parameter 

Observed 

Powera 

factor1 Linear .004 1 .004 1.196 .280 .024 1.196 .188 

factor1 * gender Linear 9.724E-5 1 9.724E-5 .029 .865 .001 .029 .053 

factor1 * group Linear .008 5 .002 .490 .782 .049 2.450 .169 

factor1 * gender * group Linear .013 5 .003 .768 .578 .074 3.839 .252 

Error(factor1) Linear .159 48 .003      

a. Computed using alpha = .05 

 

ANCOVA method 

Tests of Between-Subjects Effects 

Dependent Variable:   post VJ height and covariate pre VJ height 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Noncent. 

Parameter 

Observed  

Powerb 

Corrected Model .700a 12 .058 11.020 .000 .738 132.238 1.000 

Intercept .078 1 .078 14.683 .000 .238 14.683 .963 

Pre VJheight .289 1 .289 54.609 .000 .537 54.609 1.000 

gender .004 1 .004 .728 .398 .015 .728 .133 

group .015 5 .003 .577 .717 .058 2.884 .194 

gender * group .028 5 .006 1.055 .397 .101 5.276 .342 

Error .249 47 .005      

Total 12.615 60       

Corrected Total .948 59       

a. R Squared = .738 (Adjusted R Squared = .671) 

b. Computed using alpha = .05 
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Appendix 5 

 

INFORMATION FOR PARTICIPANTS 
 
TITLE OF PROJECT: THE DETERMINATION OF THE OPTIMAL 
PREPARATION FOR SPEED, STRENGTH AND POWER PRODUCTION. 
 
NAME OF PRINCIPAL SUPERVISOR: DR TIM HEAZLEWOOD 
 
NAME OF STUDENT RESEARCHER: ANTHONY BOUTAGY 

 

PRE-EXERCISE QUESTIONNAIRE 
 

Please take a few minutes to answer the following questions to indicate your readiness and state of health to participate 

in this study. Please read and answer all questions, and then return to the Student Researcher Mr Tony Boutagy before 

the testing session. 

 

Name: _______________________________________________ D.O.B: _____/______/______ M / F 

 

Address: ______________________________________________________________ Postcode: _________________ 

 

Phone: W________________________H___________________________M_________________________________ 

 

Email:______________________________________ 

 

Contact in case of emergency:_________________________________________Phone:________________________ 

 

What exercise have you been doing recently? 

 

TYPE   INTENSITY  High/Medium/Low 

 

 

DURATION    HOW OFTEN 

 

Do you have any negative feelings, or have you had any bad experiences with exercise programs? Y / N 

 

Medical Considerations: 

 

 

Have you ever had or do you have: 

 

 Have you ever had, or has anyone in your family under 60 suffered Heart Disease, Stroke or Raised 

Cholesterol? YES / NO 

 Are you over 35 and NOT used to regular vigorous exercise? YES / NO 

 Are you on any prescribed medication that may affect your performance? YES / NO 

 Have you given birth within the last six weeks? YES / NO 

 Do you have any infections or infectious diseases? YES / NO 

 Have you been hospitalised recently? YES / NO 

 Do you suffer from any back problems? YES / NO 

 

 
Do you have, or have you ever suffered from? (please tick) 

 

 Gout     Dizziness/fainting    Palpitations or chest pain 

 Stroke     Heat Murmur      Raised cholesterol/Triglycerides 

 Diabetes    Any other Heart Condition    Hernia 

 Epilepsy    Liver or Kidney Condition    Glandular Fever 

 Rheumatic Fever  Stomach or Duodenal Ulcer    High blood pressure > 140/90 

 

If you answered “yes” or “not sure” to any of the above questions, and /or circled any of the above conditions, please 
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take this form to your doctor and ask for clearance to exercise before participating in this study, or sign below if you 

have already cleared the condition with your doctor. 

 

Please give details of conditions, medications and approximate date cleared. 

 

Dr’s clearance:   Date:     Signed 

 

 

Have you ever had, or do you have? 

 

 Arthritis    Recurrent headaches    Ankle pain 

 Asthma    Neck pain     Other pain/illness or injury 

 Cramps                  Knee pain     Muscular pain 

 Back pain 

 

Do you smoke YES / NO 

Are you dieting or fasting YES / NO 

Are there any other conditions which may be reason not to participate? 

 

Please read the following exercise advice carefully. 

It is recommended that all males over 35 should have a medical assessment. 

 

STATEMENT 

I understand that the researchers are unable to provide me with medical diagnosis or advice with regard to my medical 

fitness and that the above information is used as a guideline to my ability to exercise and participate in this research. I 

have answered the questions to the best of my ability. If I have any concerns to participate in the study I can discuss 

these with my medical practitioner if I wish to participate in the research. 

 

 

SIGNED:__________________________________________________DATE:______________________ 

  



256 

 

Appendix 6  

CONSENT FORM 
PARTICIPANT’S COPY 

 
TITLE OF PROJECT: THE DETERMINATION OF THE OPTIMAL 
PREPARATION FOR SPEED, STRENGTH AND POWER PRODUCTION. 
 
NAME OF PRINCIPAL SUPERVISOR: DR TIM HEAZLEWOOD 
 
NAME OF STUDENT RESEARCHER: ANTHONY BOUTAGY 
 
I ................................................... (The participant) have read and understood the information 
provided in the Letter to Participants. Any questions I have asked have been answered to 
my satisfaction. I agree to participate in this activity (warm-up protocol, CYBEX 340 test, 
vertical jump test, sprint test), realising that I can withdraw at any time. I agree 
that research data collected for the study may be published or may be provided to other 
researchers in a form that does not identify me in any way. I understand that I only have 
to attend one testing session conducted in the ACU Exercise Physiology laboratory on 
Strathfield Campus. The testing will be conducted at an agreed time decided upon by 
both the participant and the researcher. 
 
NAME OF PARTICIPANT: 
 
SIGNATURE: 
 
DATE: 
 
SIGNATURE OF PRINCIPAL SUPERVISOR: 
 
DATE: 
 
SIGNATURE OF STUDENT RESEARCHER: 
 

DATE: 
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Appendix 7 

CONSENT FORM 
RESEARCHER’S COPY 

 
TITLE OF PROJECT: THE DETERMINATION OF THE OPTIMAL 
PREPARATION FOR SPEED, STRENGTH AND POWER PRODUCTION. 
 
NAME OF PRINCIPAL SUPERVISOR: DR TIM HEAZLEWOOD 
NAME OF STUDENT RESEARCHER: ANTHONY BOUTAGY 
 
I ................................................... (The participant) have read and understood the information 
provided in the Letter to Participants. Any questions I have asked have been answered to 
my satisfaction. I agree to participate in this activity (warm-up protocol, CYBEX 340 test, 
vertical jump test, sprint test), realising that I can withdraw at any time. I agree 
that research data collected for the study may be published or may be provided to other 
researchers in a form that does not identify me in any way. I understand that I only have 
to attend one testing session conducted in the ACU Exercise Physiology laboratory on 
Strathfield Campus. The testing will be conducted at an agreed time decided upon by 
both the participant and the researcher. 
 
NAME OF PARTICIPANT: 
 
SIGNATURE: 
 
DATE: 
 
SIGNATURE OF PRINCIPAL SUPERVISOR: 
 
DATE: 
 
SIGNATURE OF STUDENT RESEARCHER: 
 

DATE: 
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Appendix 8 
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Boutagy, T., Heazlewood, I., Lee, J. & Gahreman, D. (2014). structural equation models for 

physically fit men and women based on the relationship between isokinetic torque, vertical 

jump power and 10m sprint performance: implications for training. Journal of Australian 

Strength and Conditioning. Vol. 22, (5). 2014. 167-169. 

 

STRUCTURAL EQUATION MODELS FOR 

PHYSICALLY FIT MEN AND WOMEN BASED ON 

THE RELATIONSHIP BETWEEN ISOKINETIC 

TORQUE, VERTICAL JUMP POWER AND 10M 

SPRINT PERFORMANCE: IMPLICATIONS FOR 

TRAINING.  

Tony Boutagy1, Ian Heazlewood1, Jim Lee1 and Daniel Gahreman1 

  
1Charles Darwin University 

  

INTRODUCTION 

  

Structural equation modelling (SEM) is analogous to multiple regression but is a more powerful 

statistical method as it can evaluate the modelling of more complex interactions, nonlinearities, 

correlated independent variables, measurement error, correlated and uncorrelated error terms 

and multiple latent independents or factors, each measured by multiple indicators (1, 2). SEM 

may be used as a more powerful alternative to correlation, multiple regression, path analysis, 

factor analysis, time series analysis, and analysis of covariance. 

  

Research has established some of the relationships between strength, power and speed (3, 4, 5, 

6), usually the measures of muscular power being more predictive of sprint acceleration and 

sprint speed. Some multivariate research utilising the multivariate statistical technique of factor 

analysis have indicated peak torque-strength and power constructs share some common 

variance but a significant amount of the variance is unique to each construct or factor (7). Motor 

fitness assessment tests are readily available and provide differences between genders in terms 

of strength, power and speed and apply norm referenced assessments; as well as IAAF World 

Athletic Rankings for the genders competing in identical athletic events. 

  

However, research that has examined relationships of strength, torque and power with sprint 

acceleration and sprint speed have relied on statistical correlation and regression, which are 

predominantly univariate measures of analysis and regression analysis is based on a direct 

effect statistical model. These statistical approaches do not consider mediating variables that 

can be analysed by quantifying indirect statistical effects using structural equation modelling 

and more complex path analysis. 

  

The two research aims of this investigation were to: 

  

https://www.strengthandconditioning.org/jasc-22-5/937-structural-equation-models-for-physically-fit-men-and-women-based-on-the-relationship-between-isokinetic-torque-vertical-jump-power-and-10m-sprint-performance-implications-for-training
https://www.strengthandconditioning.org/jasc-22-5/937-structural-equation-models-for-physically-fit-men-and-women-based-on-the-relationship-between-isokinetic-torque-vertical-jump-power-and-10m-sprint-performance-implications-for-training
https://www.strengthandconditioning.org/jasc-22-5/937-structural-equation-models-for-physically-fit-men-and-women-based-on-the-relationship-between-isokinetic-torque-vertical-jump-power-and-10m-sprint-performance-implications-for-training
https://www.strengthandconditioning.org/jasc-22-5/937-structural-equation-models-for-physically-fit-men-and-women-based-on-the-relationship-between-isokinetic-torque-vertical-jump-power-and-10m-sprint-performance-implications-for-training
https://www.strengthandconditioning.org/jasc-22-5/937-structural-equation-models-for-physically-fit-men-and-women-based-on-the-relationship-between-isokinetic-torque-vertical-jump-power-and-10m-sprint-performance-implications-for-training
https://www.strengthandconditioning.org/jasc-22-5/937-structural-equation-models-for-physically-fit-men-and-women-based-on-the-relationship-between-isokinetic-torque-vertical-jump-power-and-10m-sprint-performance-implications-for-training
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1. Evaluate using structural equation modelling and path analysis the more complex 

relationships between the constructs of strength-torque, power and sprint acceleration 

in male and female athletes. 

2. Evaluating if there are differences between males and females by comparing the derived 

path analyses using identical conceptual path diagrams for strength-torque, power and 

sprint acceleration. 

  

METHODS 

  

Research ethics’ approval was granted for undertaking research on humans by the Institutional 

Research Ethics’ Committee. A screening process was applied to include only physically fit 

and active participants, as the participants were expected to perform all tests at maximal effort. 

The final sample was composed of sixty healthy, physically fit, active males (n=32; 

age=23.87yrs, s.d.=+/-8.00; height=181.65cm, s.d.=8.04; weight=79.62kg, s.d.=+/-10.27) and 

females (n=28; age=21.10yrs, s.d.=+/-6.35; height=167.82cm, s.d.=+/-4.99; weight=58.93kg, 

s.d.=+/-6.41) who participated in the study. The exogenous variables in the causal model were 

isokinetic peak torque (N.m) at isokinetic speeds of 60°s-1 (5 reps), 180°s-1 (15 reps) and 300°s-

1 (15 reps) using leg extension/flexion. The endogenous variables were counter movement 

jump (CMJ) peak vertical height and 10m acceleration sprint performance. Peak torque was 

measured using a CYBEX 340 isokinetic muscle evaluation system with HUMAC NORM 

software. 

  

All participants were instructed to perform the tests using maximal effort. Leg power was tested 

using the indices of contact time(s), flight time(s) and CMJ height(m) and were assessed with 

Speed Light Sports Timing System in jump mode. Sprint acceleration was tested by a 10m 

sprint time using the Speed Light Sports Timing System to the nearest 0.01s. The analysis 

focused on the relationship between isokinetic leg extension torque at 60°s-1, 180°s-1 and 300°s-

1, CMJ height and 10m sprint as indicants of strength, power and acceleration respectively. 

Statistical analysis utilised AMOS 18 software to solve the structural equations and to generate 

path coefficients for path diagrams. Initially, individual path diagrams were generated for each 

gender to evaluate the path coefficients between the strength, power and acceleration 

constructs. 

  

RESULTS 

  

The derived path diagrams for both genders were significantly different as indicated in figure 

1 and figure 2, the path diagrams for males and females respectively. 
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Figure 1 - Path diagram for males indicating path coefficients for different isokinetic torque 

leg extension, CMJ height and 10m sprint. The terms esp and eht represent error variance terms 

in the model. 

  

 
 

Figure 2 - Path diagram for females indicating path coefficients for different isokinetic torque 

leg extension, CMJ height and 10m sprint. The terms esp and eht represent error variance terms 

in the model. 

  

The goodness-of-fit indicated both male and female models fit the data, which results in non-

significant chi-squares. The negative path coefficients indicate an inverse relationship. For 

example, where the path coefficient is -.82 for the direct effect of CMJ height on sprint time 

indicates greater jump height is associated with reduced 10m sprint time. Comparing genders 

using the path diagrams, it can be observed that the strength of the relationship for CMJ height 

to sprint time is significantly more important for males (coefficient = -.82) than for females 

(coefficient= -.47). The direct effect path coefficients from peak torque are different and more 

significant for males at 60°s-1, however peak torque at 180°s-1 and 300°s-1 are similar for both 

genders. 

  

Table 1 - Male standardized direct effects. 

   
Peak 60 Peak 180 Peak 300 CMJ 

CMJ .549 .086 -.324 000 

Sprint .088 .259 -.377 -.819 

  

Table 2 - Female standardized direct effects. 

   
Peak 60 Peak 180 Peak 300 CMJ   

CMJ -.362 -.230 -.394 .000 

Sprint .102 -.394 .085 -.466 

  

The important finer detail differences are identified in the analysis of standardized coefficients 

for the direct effects displayed in table 1 and table 2 and indirect effects displayed in table 3 

and table 4. Tables 3 and 4 indicate clearly that differences in indirect effect are gender related 

for 60°s-1, 180°s-1 and 300°s-1 leg extension influencing 10m sprint time. The path coefficients 

in the direct effect paths tables represent the standardized regression weights. The indirect 
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effects represent a component of the total effects in the model, where the total effect equals 

direct effects plus indirect effects. 

  

Table 3 - Male standardized indirect effects. 

   
Peak 60 Peak 180 Peak 300 CMJ   

CMJ .000 .000 .000 .000 

Sprint -.449 -.070 .265 .000 

  

Table 4 - Female standardized indirect effects. 

   
Peak 60 Peak 180 Peak 300 CMJ   

CMJ .000 .000 .000 .000 

Sprint -.169 -.107 .183 .000 

  

The significant indirect effect is the peak torque leg extension for 60°s-1 on 10m sprint 

performance mediated via the CMJ jump for males, whereas in females this mediation effect 

is not significant. The simultaneous analysis assessing the congruence between the two path 

models indicated a significant difference between genders in terms of the path coefficients 

(Chi-square = 137.842, df = 20, p <.001). This may be attributed to the significant direct effect 

between CMJ height and 10m sprint in males when compared to females and the gender 

difference for the indirect effect of peak torque leg extension for 60°s-1 on 10m sprint 

performance. 

  

DISCUSSION 

  

The result of this exploratory analysis indicates the more direct path between power and 

acceleration ability and the indirect paths of different isokinetic torques at different isokinetic 

velocities mediated via power and then influencing acceleration. In terms of path models for 

males and females different interactions between the constructs of strength-torque, power and 

acceleration ability were evident. Specifically, the significant indirect path of isokinetic peak 

torque for leg extension for 60°s-1 influencing 10m acceleration ability via vertical CMJ or 

power ability in males, whereas in females this path was not as significant and important has 

implications for training different genders. 

  

For example males should gain improvement from both high resisted strength training coupled 

with specific jump plyometric power training to enhance acceleration, whereas females would 

gain more by training with sprint acceleration activities coupled with some plyometric training. 

These findings may point to some important gender differences in terms of interactions 

between strength, power and sprint acceleration and for training different genders, however 

evaluating larger sample sizes with varied athletes are required to verify or refute these 

findings. 

  

PRACTICAL APPLICATIONS 

  

1. Male athlete training would consist of heavier resisted strength training with maximal 

volitional effort coupled with high intensity plyometric training, such as double and 
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single leg jumps and then followed by sprint acceleration training to maximise training 

transfer based on the high causal effect of power on sprint acceleration. This type of 

training is the common approach adopted by high performance sprinters and supported 

by the figure 1 path model. 

2. Female athlete training would emphasise plyometric training, such as double and single 

leg jumps and based on a moderate causal effect then followed by a significant 

emphasis on sprint acceleration training to maximise training transfer as the direct 

strength to acceleration causal effect was identified as causally weak. These 

recommendations are based on the causal links or causal paths identified in figure 2. 
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A Comparison of Classification Accuracy for Gender Using 

Multilayer Perceptron and Radial Basis Function Neural 

Networks and Discriminant Function Analysis Based on 

Biomechanical Measures of Isokinetic Torque, Work, Power, 

Fatigue Index, Counter Movement Jump and 10m Acceleration 
 

Ian Heazlewood 1, Joe Walsh1 and Tony Boutagy1  

1 Charles Darwin University 

 

Abstract. Neural networks can be applied to many predictive data mining applications due to their power, 

flexibility and relatively easy operations. Predictive neural networks are very useful for applications where the 

underlying process is complex, such as in classification using a mix of nominal and ratio level variables and for 

predictive validity based on classification modelling. A neural network can approximate a wide range of statistical 

models without requiring the researcher to hypothesize in advance certain relationships between the dependent 

and independent variables. Neural networks and discriminant function analysis (a more traditional statistical 

approach) were applied, based on a set of dependent variables, which were biomechanical measures of isokinetic 

peak torque, work, power and fatigue index for leg extension at 60  os-1, 180 os-1  and 300os-1; a counter movement 

jump or CMJ (contact time, flight time and peak height); and 10m acceleration were collected within a university 

exercise physiology laboratory, and were compared for their classification accuracy to successfully discriminate 

between physically active men and women. In this research gender represented the classification variable in the 

statistical analyses. Neural networks, specifically the multilayer perceptron (MLP) networks and radial basis 

function (RBF), were applied and compared with stepwise method discriminant function analysis for classification 

accuracy. Sixty participants (male=32, age=23.9, s.d.+/-8.0 years; female=28, age=21.1, s.d.+/-6-3 years) 

represented the volunteer/convenient sample in the study. The torque, work, power and fatigue index data were 

normalised by dividing these scores by the participants weight to minimise weight-muscle mass differences that 

are related to gender. Normalisation refers to the division of multiple sets of data by a common variable in order 

to negate or diminish the variable's effect on the data, in this context weight, thus allowing underlying 

characteristics of the data sets to be compared and results in the derivation of force/weight, work/weight and 

power/weight ratios.  The research aim focused on which factors or variables provided the greatest difference 

between the genders, the establishment of a hierarchy of factor-variable importance and to assess which 

multivariate method of classification provided the best solution. The stepwise discriminant method was applied 

to derive a statistical meaningful solution in terms of variable hierarchy of importance. The MLP neural network 

classification statistics indicated the order of importance was peak torque at 180os-1, 300os-1 and 60os-1 and the 

accuracy of classification was 100% on the training model but only 88.9% on the holdout sample. The RBF neural 

network classification statistics indicated the order of importance of variables was peak torque at 180os-1, 300os-1 

and contact time for the CMJ and the percentage classification accuracy overall 93.5% for the original group and 

92.9% for the cross-validation group. Of the thirteen input variables in the stepwise discriminant analysis two 

were identified as statistically significant and were in the following order of importance, peak torque 60os-1 and 

180os-1  and the percentage classification accuracy overall 90.0% for the original group and 88.3% for the cross-

validation group. In order of the effectiveness to classify gender on the different motor fitness tasks neural MLP 

networks was the most effective followed by neural RBF networks and then discriminant analysis in predicting 

group membership. The selected variables in all three models were very similar with peak torque 180os-1 

identified as the most important discriminating factor/variable in all three for gender differences for test scores 

for torque, work, power, CMJ and acceleration motor fitness tasks. 

 

Keywords: neural networks, discriminant analysis, gender, classification accuracy  
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• Introduction  

1.1. Neural Networks  

      Neural networks can be applied to many predictive data mining applications due to their 

power, flexibility and relatively easy operations. Predictive neural networks [1, 2] are very 

useful for applications where the underlying process is complex, such as in classification using 

a mix of nominal and ratio level variables and for predictive validity based on classification 

modelling. A neural network can approximate a wide range of statistical models without 

requiring the researcher to hypothesize in advance certain relationships between the dependent 

and independent variables. Neural networks are the preferred tool for many predictive data 

mining applications because of their power, flexibility, relevance and ease of use. Predictive 

neural networks are particularly useful in applications where the underlying process is 

complex, especially pattern recognition and classification problems that are based on predictive 

and concurrent validity.  

      Neural networks used in predictive applications, such as the multilayer perceptron (MLP) 

and radial basis function (RBF) networks, are supervised in the sense that the model-predicted 

results can be compared against known values of the target variables. These target variables 

are identified on a priori criteria by the researcher. The term neural network applies to a loosely 

related family of models, characterized by a large parameter space and flexible structure, 

descending from studies of brain functioning. As the family grew, most of the new models 

were designed for non-biological applications, though much of the associated terminology 

reflects its origin in biology [1, 2]. A neural network is a massively parallel distributed 

processor that has a natural propensity for storing experiential knowledge and making it 

available for use and is analogous to human brain function. Specifically, it resembles the brain 

in two respects: 

• Knowledge is acquired by the network through a learning process. 

• ‘Interneuron connection’ strengths known as synaptic weights, analogous to human 

synapses, are used to store the knowledge. 

      A neural network can approximate a wide range of statistical models without requiring that 

you hypothesize in advance certain relationships between the dependent and independent 

variables, a non a priori model. Instead the form of the relationships is determined during the 

learning process. A type of neural processing phenomenology in this context. The trade-off for 

this flexibility is that the synaptic weights of a neural network are not easily interpretable. Thus, 

if you are trying to explain an underlying process that produces the relationships between the 

dependent and independent variables, it would be better to use a more traditional statistical 

model, such as discriminant analysis or logistic regression. However, if model interpretability 

is not important, you can often obtain good model results more quickly using a neural network 

[1, 2]. Although neural networks impose minimal demands on model structure and 

assumptions, unlike inferential statistics, it is useful to understand the general neural 

architecture or neural network structure. The multilayer perceptron (MLP) and radial basis 

function (RBF) networks are functions of predictors (also called inputs or independent 

variables) that minimize the prediction error of target variables (also called outputs) [1, 2]. 

1.2. Discriminant Analysis  

       Discriminant analysis (or discriminant function analysis) based on classification modelling 

is applied to classify cases into the values of a categorical dependent variable, usually a 

dichotomy [3. 4]. In sport this could be males compared to females on different motor fitness 

tests or different player grades using the same principles.  If discriminant function analysis is 

effective for a set of data, the classification table of correct and incorrect estimates will yield a 
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high percentage correctly classified cases and maybe useful in such processes as sport talent 

identification, such as in Olympic sports or motor fitness differences based on gender.  

      The major foci of discriminant analysis [3, 4, 5, 6, 7] are to: 

• Classify cases into groups using a discriminant prediction equation and test theory by 

observing whether cases are classified correctly as predicted.  

• Investigate differences between or among groups and determine the most parsimonious 

way to distinguish among groups.  

• Determine the percent of variance in the dependent variable explained by the 

independents. Determine the percent of variance in the dependent variable explained 

by the independents over and above the variance accounted for by control variables, 

using sequential discriminant analysis.  

• Assess the relative importance of the independent variables in classifying the dependent 

variable and discard variables, which are little related to group distinctions.  

      The aim of this research was to apply both neural networks and discriminant function 

analysis (a more traditional statistical approach under the general linear model) and compare 

their ability as statistical techniques to classify the different genders. The research aim focussed 

on which factors or variables provided the greatest difference between the genders, the 

establishment of a hierarchy of factor-variable importance and to assess which multivariate 

method of classification provided the best solution based on biomechanical measures of 

isokinetic peak torque, work, power and fatigue index for leg extension at 60os-1, 180os-1  and 

300os-1 assessed via a CYBEX 340 Muscle Evaluation System; a counter movement jump or 

CMJ measuring contact time(s), flight time(s) and peak height(m); and 10m sprint acceleration 

time(s). 

• Methods  

      Neural networks and discriminant function analysis were applied, based on a set of 

dependent variables, which were biomechanical measures of isokinetic peak torque, work, 

power and fatigue index for leg extension at 60os-1, 180os-1  and 300os-1 assessed via a CYBEX 

340 Muscle Evaluation System; a counter movement jump or CMJ measuring contact time 

(nearest .01s), flight time (nearest .01s) and peak height (nearest .01m) via a Swift Speedlight 

Jump Reaction Board (Swift Performance Equipment, Wacol, Queensland, Australia); and 

10m sprint acceleration (nearest .01s) via Swift Speedlight TT Timing System were collected 

within a university exercise physiology laboratory. The two statistical methods were compared 

for their classification accuracy to successfully discriminate between physically active men and 

women. In this research gender represented the classification or independent variable in the 

statistical analyses. Neural networks, specifically the multilayer perceptron (MLP) networks 

and radial basis function (RBF), were applied and compared with stepwise method discriminant 

function analysis for classification accuracy. Sixty participants (male=32, age=23.9, s.d.+/-8.0 

years; female=28, age=21.1, s.d.+/-6.3 years) represented the volunteer/convenient sample in 

the study. The torque, work, power and fatigue index data were normalised by dividing these 

scores by the participants weight to minimise weight-muscle mass differences that are related 

to gender. Normalisation refers to the division of multiple sets of data by a common variable 

in order to negate or diminish the variable's effect on the data, in this context weight, thus 

allowing underlying characteristics of the data sets to be compared and results in the derivation 

of force/weight, work/weight and power/weight ratios. Means and standard deviations of the 

significantly different biomechanical measures were derived based on the ANOVA findings. 

It must be emphasised that the comparison of discriminant analysis with neural network 

analysis were based on the identical 13 variable subset of data imputed into both analyses.   
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• Results 

      The MLP neural network classification statistics indicated the order of importance was 

peak torque at 180os-1, 300os-1 and 60os-1 and the accuracy of classification was 100% on the 

training model but only 88.9% on the holdout sample. The RBF neural network classification 

statistics indicated the order of importance of variables was peak torque at 180os-1, 300os-1 and 

contact time for the CMJ and the percentage classification accuracy overall 93.5% for the 

original group and 92.9% for the cross-validation group. Of the thirteen input variables in the 

stepwise discriminant analysis two were identified as statistically significant and were in the 

following order of importance, peak torque 60os-1 and 180os-1  and the percentage classification 

accuracy overall 90.0% for the original group and 88.3% for the cross-validation group. In 

order of the effectiveness to classify gender on the different motor fitness tasks neural MLP 

networks was the most effective followed by neural RBF networks and then discriminant 

analysis in predicting group membership? The selected variables in all three models were very 

similar with peak torque 180os-1 identified as the most important discriminating factor/variable 

in all three for gender differences for test scores for torque, work, power, CMJ and acceleration 

motor fitness tasks.  

The significant classification tables for both MLP and RBF neural networks and discriminant 

function analysis are displayed in table 1, table 2 and table 3.  

Table 1: MLP neural network classification table with both training and testing sample classification rates. 

Classification 

Sample Observed 

Predicted 

male female 

Percent 

Correct 

Training male 22 0 100.0% 

female 0 20 100.0% 

Overall Percent 52.4% 47.6% 100.0% 

Testing male 8 2 80.0% 

female 0 8 100.0% 

Overall Percent 44.4% 55.6% 88.9% 

Dependent Variable: gender 

Table 2: RBF neural network classification table with both training and testing sample classification rates. 

Classification 

Sample Observed 

Predicted 

male female Percent Correct 

Training male 21 3 87.5% 

female 0 22 100.0% 

Overall Percent 45.7% 54.3% 93.5% 

Testing male 7 1 87.5% 

female 0 6 100.0% 

Overall Percent 50.0% 50.0% 92.9% 

Dependent Variable: gender 

 

Table 3: Discriminant analysis classification table with gender and overall classification rates 

Classification  
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gender 

Predicted Group Membership 

Total 
  

male female 

Original Count male 26 6 32 

female 0 28 28 

% male 81.3 18.8 100.0 

female .0 100.0 100.0 

Cross-validated Count male 26 6 32 

female 1 27 28 

% male 81.3 18.8 100.0 

female 3.6 96.4 100.0 

In reference to table 3 note 90.0% of original grouped cases correctly 

classified and 88.3% of cross-validated grouped cases correctly classified 

 

• Discussion 

In terms of accuracy of classification effectiveness neural MLP networks was the most 

effective in predicting group membership, followed by RBF networks and finally 

discriminant function analysis based on the training model sample.  However, the 

differences between MLP, RBF and discriminant based on hold-out or test sample statistics 

were only slightly less accurate with an overall classification rate of 88-90% indicating 

marginal difference in classification approaches. The selected variables in both models 

were very similar with peak torque 180 os-1 identified as the most important discriminating 

factor/variable for gender differences for normalised test scores for torque, work, fatigue 

index, as well as CMJ data and 10m acceleration motor fitness tasks. This indicates that the 

three statistical methods essentially select very similar discriminating variables to derive 

classification outcomes.  

5.  Conclusion  

      The MLP, RBF and discriminant classification methods derive very similar solutions with 

very high classification rates. However, the MLP neural network method using the initial 

training sample produced a marginally more accurate classification. 
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Abstract. Isokinetic testing of athletes for talent identification and for clinical purposes are common in sport 

science and sport medicine, however the factor structure of what variables are actually being evaluated is 

minimal. The aim of the research was to evaluate the facture structure of isokinetic performance across 

different isokinetic speeds of 60os-1, 180os-1 and 300os-1 measuring the concepts of peak torque, total work and 

isokinetic fatigue. The research design was based on exploratory factor analysis with factor rotations to derive 

the most interpretable factor solutions.  Sixty young fit male and female athletes volunteered to participated in 

the study, 32 males and 28 females. All participants were tested in an identical manner. They were tested for 

leg extension on a CYBEX-HUMAC NORM isokinetic muscle evaluation system at isokinetic speeds of 60os-

1, 180os-1 and 300os-1 for peak torque, total work and isokinetic fatigue. The results derived a two factor solution 

for male and three factors for female participates. For males, factor 1 was associated with peak torque and total 

work at 60os-1 and 180os-1 and factor 2 was associated with peak torque and total work at 300os-1 and fatigue 

index at 300os-1. For females, factor 1 was associated with peak torque, and total work at 180os-1 and 300os-1 

and fatigue index at180os-1, factor 2 was associated with peak torque and total work at 60os-1 and factor 3 was 

associated with fatigue index at 300os1. The results indicate different isokinetic speeds are measuring unique 

factors and when testing athletes of different genders and suggests it would be realistic to test athletes at 

relevant competitive and unique sport speeds as many concepts are unique and cannot be inferred when 

dependent on different and unique isokinetic speeds.  

 

Keywords: Isokinetic, Testing, Gender, Factor analysis, Measurement theory  

1 Introduction 

       Isokinetic testing for both clinical evaluation and predicting sports performance has been utilised extensively 

over the past 30 years. An extensive literature search has revealed that minimal research has been conducted on 

the factor structure of the data collected and as a result minimal information is available on this research topic as 

the interrelationships between the measured variables of toque, work, fatigue, different isokinetic speeds and limb 

segments (Amaral et al., 2014; Dvir, 2013; Heazlewood, 2017). This was a surprising result, as a comprehensive 

international library computer search identified 17,999 articles with the search term isokinetic and of these only 

three articles addressed the concept of the factor structure of isokinetic testing.  

      Isokinetic dynamometry permits constant velocity or isokinetic contractions using sophisticated isokinetic 

muscle evaluation systems as CYBEX, HUMAC-NORM and Biodex allow the measurement of several variables 

related to muscular performance across different human arthroses as knee, ankle and shoulder. In addition, 

different isokinetic speeds can be selected with isokinetic speed from 1 os-1 to 500 os-1 as well as, multiple 

biomechanical concepts as torque, work, power, fatigue, angle of peak torque, range of motion and coefficient of 

variation; and utilising extension-flexion and internal-external rotation range of movement; and controlling for 

number of repetitions of each exercise. Many of these capabilities are rarely used, and if they are the 

interrelationship between the many measured variables cited are rarely understood, while others as a consequence 

of minimal knowledge on the topic are unknowingly and redundantly applied when assessing human muscle 

function (Amaral et al., 2014; Dvir, 2013; Heazlewood, 2017; Computer Sports Medicine, Inc., 2006). 

      Reviewing the limited research available Amaral (et al., 2014) evaluated only concentric knee flexion and 

extension of the dominant leg at one isokinetic velocity of 60os-1. The experimental variables were peak torque, 

time to peak torque, angle of peak torque, torque at 30Âº, torque at 0.18s, coefficient of variation, maximum work, 
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maximum work repetition number, total work, work last third, work first third, work fatigue percentage, average 

power, acceleration time, deceleration time, and average peak torque. Although the sample size was large, the 

sample was only limited to young elite adult male athletes from the sports of soccer and volleyball and testing at 

one isokinetic speed which limits the generalisability of the findings. However, the 16 variables tested were 

reduced to five underpinning factors, which were torque generation capacity, variation in torque generation 

capacity along repetitions, movement deceleration capacity, mechanical/physiological factors of torque 

generation, and acceleration capacity (torque development). Although the sample size was large, the sample was 

only limited to young elite adult male athletes from the sports of soccer and volleyball and testing at one isokinetic 

speed, which limits the generalisability of the findings to other isokinetic speeds that can be applied.  

      Dvir (2013) conducted a review of literature concerning isokinetic strength test parameters and postulated the 

most relevant outcome variables are peak torque, peak force as well as work and power, as work and power in 

some experiments are highly correlated with peak torque and much less correlated with strength testing. The 

review overview comments on correlation analyses which is a starting point for factor analysis and high 

intercorrelation of peak torque, work and power suggest that these may reflect a common factor, although not 

presented in this conceptual manner by Dvir (2013).  

      Heazlewood (2017) evaluated male and female track and field athletes for isokinetic leg-flexion performance 

across a range of isokinetic speeds of 60os-1 with 5 repetitions, 180os-1 with 15 repetitions and 300os-1 with 15 

repetitions. The outcome variables were torque, work, power and torque acceleration energy (TAE) and secondary 

derived measures of torque/weight and power/weight were derived. The 26 outcome variables were reduced to 

three significant factors, and these were torque, work and power across all the isokinetic speeds loaded factor 1, 

TAE 60os-1 and TAE 180os-1 loaded on factor 2 and TAE 180os-1 and 300os-1 and TAE on factor 3. Similar the 

research by Amaral’s (et al., 2014) factor analysis primary research and the Dvir’s (2013) review of literature all 

three authors suggest the peak torque and work represent one common factor being measured using isokinetics 

across different isokinetic speeds, however other isokinetic variables display more unique factor loadings. 

      Factor analysis tests hypotheses concerning the structure of measured variables representing more global 

constructs, such as multiple measures of strength represent some underpinning construct or factor of strength. The 

method can summarise a large number of variables with a reduced set of derived variables or factors that can 

represent or explain the more complex correlations that exit in a larger data set and is often referred to as a method 

of data reduction. Factor analysis can determine the number of dimensions or factors required to represent a set 

of directly measures variables. The method can provide significant insights and understanding of complex 

multivariate variable relationships. There are two major approaches to applying factor analysis. Exploratory factor 

analysis evaluates the factor structure of a data set when no or few preconceived theoretical models exist as no, 

or minimal evidence exists concerning specific factors structures. Confirmatory factor analysis attempts to 

reproduce some pre-existing factor structure of data or theoretical model. Confirmatory factor analysis is based 

on testing pre-established factor structure with substantive experimental support. The starting point for a factor 

analysis is the correlation matrix which indicates if there are many intercorrelated variables at the bivariate level. 

If this situation exists, then factor analysis is recommended to assess how measured variables load with the factors 

of latent variables that underpin the relationships.  
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1.1 Research Aim  

      The research aim was to investigate the factor structure of torque, work and fatigue index based concentric 

contractions for knee extension in both male and female athletes based on statistical principles of exploratory 

factor analysis to evaluate if the research supports or refutes the limited research on this topic. 

 

2 Methods 

      Sixty healthy, physically fit and active young adult male and female participants volunteered for the study. 

This served as a convenient experimental sample based on volunteerism. Means, standard deviations and standard 

error of the means are displayed in Table 1.  

      The participants were measured for maximal performance on the experimental dependent variables of 

isokinetic peak torque, total muscular work, and isokinetic fatigue index using isokinetic leg extension/flexion 

and assessed in a controlled university laboratory environment. The fatigue index is the percentage peak torque 

that declines during the endurance test. Computed as the percent change from the Initial peak torque and the final 

peak torque. Note a negative fatigue index indicates the athlete produced more torque at the end of the test then 

at the beginning. The measurement instrument selected to assess preceding variables was a CYBEX 340 isokinetic 

muscle evaluation system with HUMAC software (Computer Sports Medicine, Inc. (CSMI), 2006). 

      Only the leg extension data was used in the analyses. The isokinetic speeds utilised represented a broad range 

of isokinetic speeds to assess if speed was a unique factor interacting with the different isokinetic measures of 

torque, work and fatigue index. 

 

Table 1. Group means, standard deviation and standard error for age, height and weight. 

 

      The selected speeds and exercise repetitions were 60os-1 with 5 repetitions, 180os-1 with 15 repetitions and 

300os-1 with 15 repetitions. During the test the speeds were administered in order from the slowest to the fastest 

speeds. The higher repetitions with 180os-1 and 300os-1   were required to assess the fatigue index.  

 

2.1 Statistical Analysis 

      Descriptive statistics of measured variables for male and female athletes. Initial Pearson bivariate correlation 

analysis to assess initial relationship between the variable set and evidence to apply factor analysis for each gender. 

Factor analysis is a method to evaluate the underpinning structure of factors or latent variables that explain the 

interrelationships or dimensions in a set of measured variables for each gender. 

 

Group Statistics 

Variable gender N Mean Std. Deviation Std. Error Mean 

Age (yrs) male 32 23.87 8.00 1.41 

female 28 21.10 6.34 1.20 

Height 

(cm) 

male 32 181.65 8.04 1.42 

female 28 167.82 4.98 .94 

Weight 

kg) 

male 32 79.62 10.26 1.81 

female 28 58.92 6.40 1.21 
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      Exploratory factor analysis research design was applied to evaluate the factor structure, which is based on the 

belief researchers have no preconceived model for the factor structure. The method deriving the factors was 

principle component analysis, Eigen values >1 were selected as representing significant factors, factor loadings > 

0.5 for each variable were selected as significant loadings with each factor. Orthogonal and direct oblimin 

rotations with Kaiser normalization were applied to assess the most interpretable factor structure (Hair et al., 

2010). 

 

3 Results 

      The descriptive statistics means and standard deviations and n of cases for the isokinetic variables are 

displayed in table 2. Table 3 and table 4, the male and female Pearson correlation matrices, indicate many of the 

isokinetic variables at the bivariate level show high significant correlations and suggest more complex multivariate 

interrelationships or factors underpinning the variables and supports the application of exploratory factor analysis.  

      Table 3 for male participants indicates in detail high positive significant bivariate correlations between total 

work and peak torque at 300os-1 (r=.837), total work and fatigue index at 300os-1 (r=.535), total work at 300os-1 

with total work at 180os-1 (r=.508), total work at 300os-1 with peak torque at 180os-1 (r=.517) and total work at 

300os-1 with fatigue index at 180os-1 (r=..603). Whereas, total work at 300os-1 has nonsignificant correlations with 

total work and peak torque at 60os-1.  

      Table 4 for female participants indicates in detail high positive significant bivariate correlations between total 

work 300os-1 and peak torque 300os-1 (r=.735), total work 300os-1 and total work at 180os-1 (r=.845), total work at 

300os-1 and peak torque at 180os-1 (r=.633), total work at 300os-1  and fatigue index at 180os-1 and total work at 

300os-1 and total work at 60os-1. Total work at 300os-1 displays nonsignificant correlations with fatigue index  

300os-1 and peak torque at 60os-1. 

 

Table 2. Male and female means, standard deviations and standard error for peak torque (IPT), total work 

(TWD) and fatigue index (FI).  Isokinetic speeds at 60 os-1, 180 os-1 and 300 os-1. 

 

 

Group Statistics 

Variables  gender N Mean Std. Deviation Std. Error Mean 

15reps300TWD male 32 954.93 395.74 69.95 

female 28 645.89 279.06 52.73 

15reps300IPT male 32 80.09 24.62 4.35 

female 28 46.17 11.26 2.12 

15reps300FI male 32 -42.03 102.94 18.19 

female 28 -6.92 66.08 12.48 

15reps180TWD male 32 1710.46 382.03 67.53 

female 28 1039.78 278.09 52.55 

15reps180IPT male 32 120.93 25.09 4.43 

female 28 69.67 9.35 1.76 

15reps180FI male 32 23.43 17.01 3.00 

female 28 25.42 9.80 1.85 

5reps60TWD male 32 207.03 45.51 8.04 

female 28 129.89 25.37 4.79 

5reps60IPT male 32 185.15 36.24 6.40 

female 28 107.96 18.07 3.41 
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Table 3. Male isokinetic correlations.

 

 

Table 4. Female isokinetic correlations. 

 

The factor analyses indicate some interesting factor relationships for both male and female participants.   

 

3.1 Male Factor Structure  

      The results for males based on initial extraction derived two significant factors explaining 80.6% of variance 

in correlation matrix. The total variance explained matrix is presented in table 5. Initial extraction indicated 

52.697% variance explained by factor 1 and 27.908% explained by factor 2. Table 6 displays the factor loadings 

for each variable with the two derived factors. The most interpretable solution was based on a varimax rotated 

component matrix. The variables that loaded significantly with factor 1 were peak torque at 60os-1 (loading .922) 

and 180os-1 (loading .840) and total work at 60os-1 (loading .903) and 180os-1 (loading .887). The variables that 

loaded with factor 2 were peak torque at 300os-1 (loading .758), total work at 300os-1 (loading .865) and fatigue 

index at 180os-1 (loading .828) and 300os-1 (loading .753). All the loadings were unique except for peak torque 
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300os-1 which loaded across factor 1 and factor 2 and this indicates some factor complexity for peak torque 

300os-1.  

Table 5. Male derived factors and total variance and individual variance explained for each factor. 

 

           Table 6. Males derived factors loadings based on varimax rotated component matrix. 

 

3.2 Female Factor Structure 

      The results for females based on initial extraction derived three significant factors explaining 86.6% of 

variance in correlation matrix. The total variance explained matrix is presented in table 7. Initial extraction 

indicated 53.8467% variance explained by factor, 19.521% explained by factor 2 and 13.187% factor 3.  

 

Table 7. Female derived factors and total variance and individual variance explained for each factor. 

 

Rotated Component Matrixa 

 

Component 

1 2 

pre15r300TWD .305 .865 

pre15r300IPT .528 .758 

pre15r300FI -.322 .753 

pre15reps180TWD .887 .286 

pre15reps180IPT .840 .373 

pre15reps180FI .067 .828 

pre5reps60TWD .903 -.078 

pre5reps60IPT .922 -.080 

Extraction Method: Principal Component 

Analysis.  

 Rotation Method: Varimax with Kaiser 

Normalization. 

a. Rotation converged in 3 iterations. 
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      Table 7 displays the factor loadings for each variable with the three derived factors. The most interpretable 

solution was based on a varimax rotated component matrix. The variables that loaded significantly with factor 1 

were peak torque at 180os-1 (loading .786) and 300os-1 (loading .804), total work at 180os-1 (loading .914) and 

300os-1 (loading .954) and fatigue index at 180os-1 (loading -.654). The variables that loaded with factor 2 were 

peak torque at 60os-1 (loading .797) and total work at 60os-1 (loading .972). The variables that loaded with factor 3 

was fatigue index at 300os-1 (loading .974) and based on this observation factor 3 was a unique factor. All the 

loadings were unique except for fatigue index at 180os-1, and total work at 60os-1 which loaded across factor 1 and 

factor 2 and this indicates some factor complexity for these variables.  

 

Table 8. Female derived factors loadings based on varimax rotated component matrix. 

 

4 Discussion 

      The results of the exploratory factor analysis indicated two distinct factor structures linked to gender of 

athletes, which was the two-factor model for males and three-factor model for females. Similar to Amaral et al., 

(2014), Dvir (2013) and Heazlewood (2017) the peak torque and total work display some common loadings with 

factor 1 in males at low to moderate isokinetic speeds in males, whereas in females the lower speed loadings of 

these concepts were on factor 2. The different isokinetic speed generated a dispersion of the measured variables 

to other factors, indicating movement speed is an additional factor to be considered in isokinetic measurement 

protocols. The results also indicate different isokinetic speeds are measuring unique factors and when testing 

athletes of different genders and suggests it would be realistic to test athletes at relevant competitive and unique 

sport speeds of movement as these results indicate there is minimal correlation between some isokinetic variables 

based on the two factor model for males where isokinetic responses were distinct for isokinetic speeds of  60os-1  

and 180os-1  for peak torque and total work as factor 1 and for peak torque, total work at 300os-1  and fatigue index 

at 180os-1  and  300os-1  as factor 2 and indicating that these concepts represented by two factor would have to be 

measured independently if they were the concepts of choice for an athlete as variables performance on factor 1 

cannot be inferred from factor 2 scores. An example could be attempting to identify performance at lower 

isokinetic speeds compared to performance at higher isokinetic speeds. As in the male athletes the lower speeds 

of 60os-1 and 180os-1 will not predict performance at the higher isokinetic of 300os-1.  
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      The results in the female athletes support the concepts explained with the male athletes, except instead of a 

two factor model the female athletes displayed a more complex three factor model. In the female athletes, factor 

1 was associated with isokinetic performance for peak torque and total work in the 180os-1 and 300os-1 range. Factor 

2 with peak torque and total work at 60os-1 and factor 3 uniquely with fatigue index at 300os-1. Once again if these 

concepts are of interest to the athlete or coach then they will have to measured specifically as inferences of 

performance between the three factors would not be supported by the results of this research. This indicates that 

different isokinetic speeds are measuring unique factors and when testing athletes of different genders and 

suggests it would be realistic to test athletes at relevant competitive and unique sport speeds of movement. 

Although the results are based on a moderately sized sample, the exploratory research indicates some unique 

differences between genders when testing these constructs on identical isokinetic performance variables of peak 

torque, total work and isokinetic fatigue across a spectrum of isokinetic speeds.  

       In conclusion, the exploratory factor analysis utilised in this research indicates some unique differences 

between genders when testing these constructs, and the very relevant findings to performance testing indicate 

these different factor models for gender should be considered when conducting isokinetic testing and the 

inferences derived from such testing.  
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