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A warm-up is an important period before training or competition to prepare an athlete for 

the physical demands of subsequent activity.  An ongoing debate exists in the current literature 

as to whether static stretching should be included in a warm-up practice to reduce injury risk 

during sport.  Prior research has extensively focused on the effects of static and dynamic warm-

ups in relation to jumping performance, however, limited research has examined the 

biomechanical nature of landings following these warm-up practices.  Compared to males, 

female athletes display landing mechanics that may increase the risk of lower extremity injury.  

The sport of women’s volleyball require athletes to perform many unilateral landing tasks that, 

compared to bilateral maneuvers, further enhance injury risk.  In the present study, twelve 

female, collegiate-level volleyball players performed unilateral landings on the dominant and 

non-dominant limb both pre- and post-dynamic (DWU) and combined dynamic-static (CDS) 

warm-ups.  Kinetic and kinematic variables of interest were measured at the hip and knee during 

the landing phase of a volleyball-simulated jump-landing maneuver.  A significant three-way 

interaction (warm-up x limb x time) was observed for peak internal knee adduction moment and 

peak hip adduction angle.  Non-dominant knee adduction moment increased (p = 0.013; d = 

0.79) 1 minute post CDS warm-up, while hip adduction angle in the non-dominant limb 

decreased (p = 0.016; d = 0.38) 15 minutes post CDS warm-up.  No other warm-up differences 
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were detected, however, significant main effects of limb were determined, as the non-dominant 

limb demonstrated an increase in peak knee external rotation moment, internal rotation angle, 

and knee abduction angle.  The landing patterns in the non-dominant limb may be due to altered 

hip and trunk mechanics during the jump-landings, potentially placing the non-dominant limb at 

a higher injury risk.  Main effects of time were also revealed for peak knee internal rotation 

moment, knee abduction angle, and knee external rotation / internal rotation, potentially 

attributed to the frequency of jump-landings performed in this analysis.  Static stretching 

following a DWU may acutely place a female volleyball player at a higher risk for a non-contact 

knee injury in the non-dominant limb, therefore it is recommended that athletes be allowed a rest 

period prior to training or competition if static exercises are included in pre-activity practices.  

Additional consideration must be given to limb dominance in this population, as training should 

incorporate single-leg landing technique and muscular strengthening exercises to reduce injury 

risk from repeated unilateral landings.  The results of this analysis may provide practitioners with 

biomechanical information to determine warm-up protocols and training methods that adequately 

prepare a female volleyball athlete for sport demands.   
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Chapter 1: Introduction 
 

 

The game of volleyball was invented in 1895 by William G. Morgan and initially created 

as a recreational activity.  Originally termed “mintonette,” volleyball’s inception was shortly 

after the invention of basketball.  Combining attributes of handball, tennis, baseball, and 

basketball, Morgan created a game to be played by both male and female players of various ages 

and skill levels.  Currently, volleyball has grown to be a highly competitive and popular 

international sport, with the Fédération Internationale de Volleyball (FIVB) claiming 220 

national volleyball federations1 and over 800 million participants.2  In the United States, 

women's collegiate volleyball has grown substantially over the past 30 years3 and the sport is the 

second most popular program at the high school level.4    

Volleyball consists of repeated jumps, landings, and cutting maneuvers that require skill 

and coordination for successful performance.  Players must demonstrate sufficient 

proprioception, neuromuscular control, and force production to complete skillful volleyball 

tasks.  When performing these movements, athletes need to be cognizant of a variety of 

environmental stimuli, including the ball, net, teammates, and opponents.  Due to the task 

demands of volleyball, the risk of injury is comparable to other sports such as hockey or soccer.5  

Injury incidence in volleyball have been reported between 2.9-4.1 injuries per 1000 athletic 

exposure hours,6,7 with the risk of injury increasing as a player advances from youth to higher 

levels of competition.6,7  An aggressive playing style and previous injury history may, at least in 

part, explain the increased injury risk at advanced playing levels.7  The majority of injuries 

across all levels of volleyball occur in a competition setting, rather than practice,6,8  and these 

injuries often happen at the ankle and knee.2,6,7,9,10  Acute ankle sprains and knee internal 
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derangement injuries frequently occur when a player is landing from a blocking or spiking 

maneuver,2,8 while an overuse injury such as patellar tendonitis can develop due to repetitive 

jump-landings.2,8  A sprain or tear of the anterior cruciate ligament (ACL) is a traumatic injury 

that accounts for approximately 26-60% of knee internal derangement injuries in female 

volleyball athletes.9,11 

Although acute ankle sprains are more common in volleyball,6 injury to the ACL does 

occur and is more severe, with an estimated 6-12 months of recovery before a return to 

competition.12  An estimated 70% of ACL injuries occur in non-contact conditions,13 often when 

an athlete is performing a landing, deceleration, or cutting maneuver.13,14  Female athletes in 

landing or cutting sports have been reported to be 2-8 times more likely to injure the ACL 

compared to male counterparts.15  The increased risk of ACL injury in females is attributed to 

both intrinsic (greater Q-angle, elevated estrogen levels, excessive femoral and tibial torsion) and 

extrinsic (decreased skill level, neuromuscular control, and body awareness) factors.13-16  When 

performing jump-landing tasks, females demonstrate movement mechanics that may increase the 

risk of injury to the ACL and other lower extremity structures.  Compared to males, females tend 

to land in a more erect position with less hip and knee flexion,13,17,18 increased knee valgus 

angles,19,20 and higher ground reaction forces (GRFs).21  Sex differences are also present in 

neuromuscular patterns upon landing, as females display reductions in gluteus maximus and 

hamstring activity,16,20 and increased quadriceps activiation.20,22,23  Anatomical differences, 

combined with neuromuscular and biomechanical differences in landing technique, are all 

contributing factors to the increased risk of ACL injury associated with female athletes. 

Athletes involved in jump-landing sports must perform a variety of maneuvers to fit the 

demands of the game situation, with landings classified as unilateral (single-leg) or bilateral 
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(double-leg).  In a unilateral landing task, one lower extremity must absorb the impact generated 

in the jump phase by one or both limbs, and these types of landings have been associated with 

risky biomechanical patterns.  Compared to bilateral landings, female athletes performing 

unilateral landing maneuvers exhibit decreased knee flexion,17,19 increased knee valgus,19,24 

higher GRFs,17,25 and alterations in neuromuscular activity20 that may increase a female’s 

susceptibility to ACL injury.  Further examinations of landing type has demonstrated that under 

unilateral conditions, performers land in a “stiff” position,19 placing additional stress on lower 

extremity structures.25,26  Female volleyball athletes must perform unilateral landings to meet the 

task demands of a training or game situation, and it is estimated that 45% of offensive landings, 

such as a spike maneuver, are in a unilateral position.8  Athletes may perform landing tasks on 

their dominant or non-dominant limb, and researchers have reported that athletes display 

dominant limb landing patterns that may increase the risk of ACL injury.27  However, others 

investigators have failed to note any significant biomechanical differences between limbs in the 

unilateral landing phase.28,29  Limb dominance and landing mechanics in female volleyball 

athletes has not been adequately examined, meriting further investigation into the biomechanical 

landing patterns of each limb in this population for injury risk assessment.  

Due to sex and landing differences, a female athlete performing a unilateral landing may 

be at an increased risk of injury to the ACL compared to male counterparts.  As such, 

preventative measures must be taken to minimize injury in this population.  One aspect of sport 

that may advance our understanding of ACL injury prevention is the investigation of warm-ups 

and their effect on the biomechanics of subsequent activity-specific actions.  Prior to training or 

competition, athletes typically participate in a pre-exercise warm-up in order to maximize 

performance and reduce the risk of injury.  While warm-ups have been shown to be 
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beneficial,30,31 researchers continue to debate the efficacy of various warm-ups for performance 

and injury risk32,33 due to variety of factors including warm-up type, duration, volume, and 

exercises incorporated.  Additional considerations are an athlete’s sex, age, and training level.  

The multifactorial nature of warm-ups have led to a disagreement among investigators in 

determining a proper warm-up protocol.30,34   

When preparing for an athletic event, athletes often perform either a static (SWU), 

dynamic (DWU), or combined dynamic-static (CDS) warm-up.  A SWU, often termed static 

stretching, consists of gradually lengthening a muscle and holding that position for 10-30 

seconds.35  Alternatively, DWUs, or dynamic stretching, incorporates whole-body, sport-specific 

movements into the warm-up protocol, with exercises progressing in intensity.  A CDS utilizes 

both dynamic and static exercises, beginning with dynamic activities and concluding with static 

stretching prior to the athletic event.  Early evidence suggested the use of static stretching in a 

warm-up program to decrease the risk of muscle injury and improve physical performance.36,37,38  

A recent examination of pre-event warm-up protocols in women’s volleyball programs has 

reported approximately 56% of athletes include static stretching in the warm-up procedure.39  Of 

the 44% of athletes who performed a DWU, over half were allowed by coaches to incorporate 

additional static exercises outside of the warm-up.39  However, current research suggest athletes 

remove static stretching from pre-exercise practices40 due to the negative physiological and 

subsequent performance changes associated with static stretching that may occur prior to an 

athletic event.  Following static stretching, athletes have demonstrated impairments in muscle 

force41 and power42 production, which researchers have attributed to reductions in neural input43 

and reflex sensitivity,44 along with increased compliance of the musculotendinous unit (MTU)45 

and an altered muscle length-tension relationship.46  Examinations of pre-exercise static 
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stretching have failed to show a reduction in soft tissue or bone injury,47 and researchers 

speculate a SWU may even increase the risk of injury during an athletic event.48  Following a 

static stretch warm-up, studies have demonstrated significant performance decrements in sprint 

times49,50 and jump height.46  As it relates to volleyball, athletes performing a SWU exhibit 

detriments in counter-movement jump (CMJ) height performance,51 rate of force development, 

and peak force.52  Due to diminished athletic abilities and potential increases in injury rates after 

completing a static warm-up, researchers have questioned the use of this practice prior to 

activity.40,53,54  Instead, investigators believe a DWU is more advantageous for performance and 

injury prevention.40,55 

While the use of SWUs may increase the risk of injury,48 recent evidence has indicated 

DWUs may decrease injury incidence.56  Warm-up programs that include dynamic activities and 

exclude any stretching, such as the FIFA 11+ protocol, have demonstrated significant reductions 

in player injury.57  As it relates to performance benefits, it is recommend that an athlete 

implement a DWU prior to an athletic event.58,59  Investigators believe performance 

enhancement following a DWU is due to the positive physiological changes that occur during a 

dynamic pre-exercise routine.  Increases in total body temperature,46,55 heart rate,46 and muscle 

activity60 may all contribute to benefit athletic performance.  Additionally, a DWU may elicit the 

post-activation potentiation (PAP) phenomenon, which researchers suggest can enhance 

performance.61  Upon completion of a DWU, athletes have shown improvements in jump62 and 

sprint63 performance, power production,42 and strength.64  Research examining the effects of 

DWUs on volleyball performance has revealed improved jump height53,65,66 in both males and 

females, and enhanced biomechanical parameters including the rate of force development and 

maximal force production in female players.54  Although the current literature supports the use of 
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DWUs over SWUs, volleyball programs still incorporate static exercises into their warm-ups, 

often combining static and dynamic exercises.39  

A CDS warm-up consists of dynamic and static stretching activity,50  and sports programs 

will often implement this type of warm-up prior to an athletic event.39,67,68  An examination of 

warm-up on injury has shown a non-significant increase in injuries when comparing a CDS to 

DWU.56  As for performance measures, investigators observed a CDS results in significantly 

worse sprint performance,50,69,70 and increased reaction time70 compared to a DWU.  However, 

no significant differences have been reported in other sporting attributes such as peak force and 

power production.70  Overall, researchers have reported static stretching provides no added 

performance benefit when combined with dynamic activity,40,50,69,70 suggesting this practice be 

removed from the warm-up.40  While research on performance has been examined, the current 

literature has not adequately investigated the effects of combined warm-ups on the kinetic and 

kinematic profile of landings or other common athletic maneuvers.  

The majority of warm-up literature has focused on the effects of pre-exercise practices on 

performance variables, such as sprinting or jumping abilities.  However, the biomechanical 

effects of warm-ups must be considered for both performance enhancement and injury 

prevention.  Current evidence suggests athletes should perform a DWU instead of a SWU or 

CDS for improved performance,50,71,72,73,74,75 yet few have investigated the biomechanical profile 

of athletic movements following various warm-ups.  Of the kinetic and kinematic variables 

examined, common measurements such as joint angular velocities and flexion angles of the 

lower extremity provide only limited information related to the understanding of the 

biomechanical effects of warm-up.  Following a DWU, kinematic analyses of a soccer-instep 

kick have shown increases in knee flexion,76 hip and knee angular velocities,77 hip range of 
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motion (ROM),55 and concentric and eccentric movement time.76  Conversely, a SWU elicited no 

significant differences from control conditions in knee flexion and durations of eccentric and 

concentric movement phases during a vertical jump maneuver.78  Kinetic investigations of warm-

ups including dynamic exercises have reported decreases in GRFs79 and peak knee valgus 

moments during landings,80 while an increase in RFD and peak force production have been 

demonstrated in jump maneuvers.52  These improved biomechanical movement patterns 

following a DWU may lead to both increased sporting performance and reduction of injury.55  

Therefore, it is necessary to continue the investigation of warm-ups to further understand their 

effects on the biomechanics of subsequent athletic movement for both performance and injury 

prevention purposes. 

Female athletes sustain ACL injuries at a higher rate than males due to anatomical and 

sporting skill differences,13-17,81 which may play a role in altered landing technique.18  Compared 

to males, females perform landing tasks with biomechanical patterns that may increase the risk 

of injury to the hip, knee, and ankle.13,16,17  Since female volleyball players frequently land in a 

unilateral position,8 investigating the biomechanical patterns of this particular landing is crucial 

to minimizing injury in this population.  Movement patterns in sport may be affected by an 

athlete’s pre-exercise warm-up,55,82 and prior to training or competition, female volleyball 

players perform various warm-ups39 with the goal of improving performance and reducing the 

risk of injury.  Evidence suggests a dynamic warm-up is more appropriate for performance 

enhancement,40 however, the effects of warm-up on the biomechanical profile of a sporting 

maneuver has yet to be adequately examined in the literature.  While jumping performance in 

female volleyball players has been shown to be affected by the type of warm-up performed,51,52 

the manner in which these athletes land following various warm-ups has not been investigated.  
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Therefore, it is necessary to assess the kinetic and kinematic changes following warm-up 

protocols57,78,82 in order to develop practices that enhance sporting performance and reduce the 

risk of injury to the ACL and other lower extremity structures.   

 

Purpose 

 The purpose of this study was to determine whether the addition of static stretching to a 

dynamic warm-up affects the kinematics and kinetics of the lower extremity during volleyball-

specific dominant and non-dominant unilateral landing tasks in female volleyball players. 

Hypothesis 

 We hypothesized female volleyball players performing a dynamic warm-up would 

demonstrate kinetic and kinematic changes in a unilateral landing task that would decrease the 

risk of injury compared to a dynamic warm-up with additional static stretching.  Specifically, 

following a dynamic warm-up, athletes would demonstrate: (a) greater hip and knee flexion, 

along with reduced external loads at the knee (e.g. valgus and rotational moments) and lower 

vertical GRFs; (b) increased hamstring and gluteus medius activation and decreased quadriceps 

activity; and (c) biomechanical patterns that have been associated with a decreased injury risk to 

the ACL.  Additionally, it was hypothesized that no significant differences would be reported 

between the dominant and non-dominant limbs.  

Limitations 

 The limitations of this study were the selection of non-random sample, along with the 

analysis of sub-maximal jump-landing movements, both potentially affecting external validity.  
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Delimitations 

 The delimitations of this study include: collegiate female volleyball athletes who were 

tested in a laboratory setting.  Additionally, athletes performed a one-step jump-landing 

maneuver, implemented in this study to exert more experimental control and consistency for the 

analysis.  
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Chapter 2: Review of the Literature 
 

 

1. Introduction 

 

A warm-up is an important period before training or competition to mentally and 

physically prepare an athlete for the demands of subsequent activity.83  A proper warm-up may 

improve performance29 due to positive physiological and mechanical changes61,72,84,85 such as 

increased total body temperature,53,71 heart rate,86 and flexibility.58  Warm-ups may also speed up 

metabolic processes, increasing the rate of muscle contraction and nerve transmission.87  A 

warm-up typically consists of three components in the following order: general aerobic activity, 

stretching, and sport-specific exercises.30  From the warm-up paradigm, many researchers have 

investigated the effects of stretching and sport-specific activities on athletic performance, often 

combining these components to examine differences in performance and injury after various 

warm-ups.   

 While warm-ups have been shown to be beneficial,30,31 researchers continue to debate the 

type of warm-up that maximizes performance and reduces the risk of injury.32,33,56  Warm-up 

type, duration, and exercises included must all be considered when developing a warm-up 

protocol.  An athlete’s age, sex, and training level also play a role in determining a warm-up for 

enhanced performance and injury prevention during an athletic event.30,34  For the purpose of this 

study, the literature review divides warm-up into three categories: static (SWU), dynamic 

(DWU), and combined dynamic-static (CDS), as these are the most common types of warm-ups 

practiced by athletes.39  The effects of static, dynamic and combined warm-ups on performance 
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and injury are examined, along with the physiological and biomechanical responses to each 

warm-up.  In this review, warm-ups are investigated across multiple sports and activities, with 

emphasis on the sport of women’s volleyball, as it is common practice among players to perform 

static and/or dynamic activities as part of a warm-up protocol.39  Performance measures are 

examined in a broader scope of sporting activities, while the review of injury is focused to the 

lower extremity for volleyball and other women’s sports.  The limitations of existing warm-up 

literature and future research directions are discussed in this review, highlighting the importance 

of the present study.  This literature review will further our understanding of warm-ups, 

providing volleyball and other sport researchers, coaches, and trainers evidence to determine a 

practical and beneficial pre-exercise protocol for athletes. 

 

2. Volleyball-Related Injuries 

 
  Injury rates in volleyball are relatively low,2,6,10 however the risk of injury in both 

practices and games increase as a player advances to higher competition levels.6,7  In examining 

injury patterns, Reeser, Gregory, Berg, and Comstock (2015)7 determined the overall time loss 

due to injury in women’s collegiate players to be three times greater than high school 

counterparts.  A more aggressive playing style or prior injury earlier in an athlete’s playing 

career may be attributed to this increased injury risk at the collegiate level.7  In the sport of 

volleyball, a player may injure themselves during a jump-landing maneuver, and this movement 

is performed frequently during training or competition.9  The jump-landing task is a critical skill 

for successful performance, requiring sufficient muscular strength, balance, and force 

production.  When performing a blocking or spiking maneuver, a player must be able to respond 

to various environmental stimuli, maintain body control in the acceleration and deceleration 
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phases of the jump-landing movement.  In a study examining landing mechanics in male 

volleyball athletes after a successful or unsuccessful block, step-back landings were associated 

with a greater risk of ACL injury compared to stick landings,88 demonstrating the potential 

variability of a jump-landing maneuver and its implications for lower extremity injury in 

volleyball athletes.  

Female volleyball players have been observed to complete up to 73 jump-landings over a 

two game period,8 and the frequency of this movement places repetitive stress on lower extremity 

joints and musculature.  Patellar tendonitis is a common overuse injury across all volleyball 

levels due to repetitive jump-landings,2 and acute injury analyses have determined ankle sprains 

and knee internal derangements to be the most prevelant,2,6,9,10 accounting for approximately 

41% and 14%, respectively, of total injury incidence.8  Injuries to the ankle and knee often occur 

when a player is landing from a block or spike manuever.2,8  Prospective studies examining the 

use of injury prevention programs in volleyball athletes have demonstrated significant reductions 

in acute ankle sprains following technical jump-landing instruction, proprioceptive training, or 

the use of orthotic devices,89,90 however, acute knee injuries have not been examined following 

similar interventions.  Analysis of acute injuries at the ankle and knee concluded that female 

volleyball athletes injure these structures more often during competition,6,8 with one 

epidemiologic study reporting nearly twice the risk of sustaining an ankle or knee injury in 

competition compared to practice.9  The increased injury rates during games compared to 

practice may be due to an athlete being subjected to unfamiliar situations or playing more 

aggressively.9  While ankle injuries are more common in volleyball, these are often in contact 

situations with another player’s foot,9 whereas knee injuries predominantly occur under 
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noncontact situations.6,9  Of knee internal derangement injuries in women’s volleyball, an 

estimated 26-60% occur at the anterior cruciate ligament (ACL).9,11 

 

3. Anterior Cruciate Ligament 
 

The ACL is one of the major structures of the knee and the subject of considerable injury 

prevention research.  Originating on the posteromedial side of the lateral femoral condyle and 

inserting anteriorly on the intercondyloid eminence of the tibia, the role of the ACL is to stabilize 

the knee during movement tasks and allow the tibia to move through its normal ROM.91  With 

one of the largest mechanoreceptor concentration in the lower extremity, the ACL provides vital 

proprioceptive information to the central nervous system when the knee is in motion92 and these 

receptors also aid in the ACL-hamstring reflex arc to protect the knee by resisting anterior 

translation of the tibia on the femur.93  The ACL is an important functional structure of the lower 

extremity, and injury to this ligament often leads to complications in other knee structures, such 

as the meniscus.94  An estimated 175,000 ACL injuries occur each year,95 with total procedure 

costs approximately $850,000,000.13  Even with advances in sports medicine and rehabilitation 

techniques, an ACL injury takes an estimated 6-12 months of recovery before a return to pre-

injury performance levels,12  and athletes who underwent a primary ACL reconstruction are at a 

substantially higher risk for a second ACL injury compared to controls.96  Moreover, female 

athletes were 16 times more likely to injure the ACL a second time compared to female controls, 

and demonstrated a 4 times greater risk for a second ACL reconstruction compared to male 

athletes.96  An ACL injury can be classified as a contact or non-contact injury, and an estimated 

70% of sport-related injuries take place in non-contact situations.13  A non-contact ACL injury 

frequently occurs when an athlete performs a sudden landing, deceleration, or cutting 
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maneuver.13,14,81,97  During these maneuvers, athletes may injure the ACL when the knee is near 

full extension, ranging from 10-30 degrees of knee flexion.14,15  Further observation of knee 

motion during sporting movements has led researchers to believe excessive frontal plane motion 

may also contribute to ACL injury,33 however, it is likely an injury to the ACL is multiplanar in 

nature.97,98  This includes excessive anterior tibial translation,97,98 knee rotational torque,16,98 and 

valgus collapse14,15,95-98 as additional mechanisms that potentially lead to an ACL sprain or tear.  

Along with biomechanical factors, neuromuscular movement patterns such as increased 

activation of the quadriceps musculature places significant strain on the ACL at low knee flexion 

angles.99,100,101  The ACL is at an increased risk of injury when excessive quadriceps forces are 

combined with the aforementioned multiplanar knee motions.97   

During competition, an athlete may be subjected to repetitive high force patterns and 

unpredictable movements, potentially leading to increased ACL injury risk, and evidence 

indicates the majority of ACL injuries take place in game situations102,103 under noncontact 

conditions.15  The timing of ACL injuries has not been extensively examined, but some 

researchers propose that an athlete may be at an increased risk of injury under a fatigued state.104  

However, a systematic review of fatiguing protocols on lower limb biomechanics revealed 

varying effects of fatigue on knee mechanics during athletic tasks,105 suggesting fatigue may not 

heighten ACL injury risk.  While the effects of fatigue on ACL injury is inconsistent, more 

recent evidence postulates that athletes are injuring the ACL earlier in competition.  A study of 

the National Basketball Association (NBA) reported players suffered ACL tears an average of 

16.5 minutes into game time, with the first quarter accounting for the second highest injury 

incidence (24%), compared to 13%, 22%, and 40% in the second, third, and fourth quarter, 

respectively.106  A video-based analysis of male soccer ACL injury mechanisms and situations 
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revealed that 26% of injuries occurred within the first nine minutes of match play, leading 

investigators to speculate the effects of insufficient physical preparation or stretching prior to the 

match.107  In a three-cohort study of professional soccer players, 57% of ACL injuries occurred 

in the first half of matches and approximately 22% in the first 15 minutes of match time.108  

Furthermore, the majority of ACL injuries in female soccer athletes were sustained within the 

first 15 minutes of each half, leading the authors to speculate the effects of warm-up on ACL 

injury between sexes.108   

 

4. ACL Injury: Sex Differences 

 

 Female athletes are at an increased risk for sustaining a noncontact knee injury compared 

to their male counterparts in the same sport.15,97,102  An etiologic review revealed females injure 

the ACL 2-8 times more than males in landing and cutting type sports.15  In female volleyball 

athletes, a sprain or tear of the ACL accounts for approximately 26-60% of acute knee injuries9,11 

and researchers attribute the higher incidence of ACL injury in females to intrinsic and extrinsic 

factors.14,15  Intrinsic variables include greater Q-angles, elevated estrogen levels, and excessive 

femoral and tibial torsion,13,15 while extrinsic causes are related to a decrease in skill level, 

neuromuscular control, and body awareness.13,16,102   

In addition to intrinsic and extrinsic sex variations, females demonstrate altered landing 

technique compared to males, often performing maneuvers that increase the risk of injury to the 

ACL and other lower extremity structures.  During landing tasks, females tend to land in a more 

erect position,13,18 displaying less hip and knee flexion,13,17 and increased internal tibial torsion.24  

However, Fagenbaum and Darling (2003)22 demonstrated that females landed with greater knee 

flexion at ground contact than males.  The authors believed this contradiction to previous 
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literature could be attributed to the controlled laboratory conditions of the task, as each landing 

was pre-planned and provided females the opportunity to land in a protective manner.22  In 

addition to these risky patterns, females demonstrate greater torque about the knee and increased 

valgus angles upon ground contact.19,20  In a valgus position, the knee and surrounding 

musculature demonstrate the inability in the frontal plane to control the vertical GRFs exerted 

when one performs a landing maneuver.  As an athlete lands from a jump, the body produces a 

force onto the ground and in accordance with Newton’s third law, the ground produces an equal 

and opposite GRF onto the body.  GRFs are always being produced during athletic movements, 

specifically landing maneuvers; therefore, it can be argued GRFs are one of the most important 

external forces acting on the body.  When the knee is subjected to higher GRFs, increased stress 

is placed on the surrounding ligaments to allow for normal knee function in the frontal plane.109  

Kinetic data reveals that females land with higher normalized GRFs compared to males,19 which 

may increase the risk of ACL injury.21   

Sex differences also exists in muscular activity during landing tasks, with females 

demonstrating significant reductions in gluteus maximus20 and hamstring activation,16 combined 

with increased quadriceps activity.20,22,23  In comparing jump landing strategies between sexes, 

females performed single-leg landings with a 14.9% increase in rectus femoris activity in the 

pre-contact phase, as well as a 28.5% decrease in peak gluteus maximus muscle activation in the 

post-contact phase compared to males.20  

Due to anatomical and neuromuscular differences, females display higher risk factors for 

injury when performing landing maneuvers.  Often in volleyball and other sports, performers 

must alter their landing technique given the circumstances of the changing athletic environment.  
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One such landing technique, a unilateral or single-leg landing, is of particular interest due to its 

frequency of occurrence in volleyball. 

 

5. Unilateral Landings 

 

Volleyball players may be at risk for sustaining an ACL injury due to the high frequency 

of landing tasks in both unilateral and bilateral positions, and players perform single or double 

leg landings to fit the demands of the training or competition situation.  Unilateral landings are 

common for volleyball players and may result in an increased risk of lower extremity injury 

compared to a bilateral maneuver.  A study of jump-landing technique in female volleyball 

players indicated that approximately 45% of offensive landings were unilateral.8  This type of 

landing presents a unique injury risk because one limb in the landing phase must absorb the 

energy generated by both limbs in the jumping phase.  Compared to bilateral maneuvers, 

unilateral landings have been associated with decreased knee flexion angle,17,19 increased knee 

valgus,19 higher vertical and lateral GRFs,17,25 and muscular activation patterns that increase 

stress on the ACL.20  In examining the biomechanical differences between landing type, 

investigators demonstrated peak mean knee flexion of 16 males and 16 females performing 

unilateral landings was 72.2 degrees19, indicating a “stiff” landing, with no differences between 

sexes.26  Compared to a “soft” landing (> 90 degrees of knee flexion), stiff landings are more 

dangerous, placing increased stress on skeletal and ligamentous structures.25,26  One can examine 

the principle of impulse and momentum [F∆t = m∆(vf - vi)] to understand the mechanics behind 

stiff and soft landings.  Momentum will remain constant regardless of landing type because 

mass, m, and initial velocity, vi, are unchanged for both conditions when landing from the same 

height.  Final velocity, vf, is zero at the end of each landing.  Since momentum is constant, 
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impulse must also be equal for both conditions, however, one can manipulate the force and time 

variables of impulse by altering landing technique.  A soft landing, due to increased flexion of 

various lower extremity joints, increases the amount of time over which energy is absorbed by 

the musculature upon impact.  In an examination of landing stiffness, Devita and Skelly (1992) 

determined the lower extremity musculature absorbed 19% more energy in a soft landing 

technique compared to a stiff landing.26  Energy not absorbed by the muscles will be placed on 

the surrounding body tissues (e.g. ligaments and cartilage), increasing the risk of injury to these 

areas.  A dynamic simulation study on single-leg landings reported that peak ACL strain was 

reached within the first 40ms after impact,110 therefore, the development of injury resilient 

ground interaction and neuromuscular patterns is necessary to reduce sudden ACL strain (and 

potential injury) during this landing maneuver.  In performing a unilateral landing, athletes may 

land on their dominant or non-dominant limb, and researchers have reported that athletes display 

greater knee valgus angles on the dominant limb upon landing, which may increase the risk of 

ACL injury.27  However, other investigators have reported no significant differences between 

limb dominance in the unilateral landing phase.28,29  It should be noted that the aforementioned 

investigations into limb dominance and landing mechanics did not examine volleyball athletes, 

meriting further investigation into the biomechanical landing patterns of each limb in this 

population.  A recent analysis on female volleyball athletes determined a higher injury risk to the 

dominant limb (defined as the right leg)111, however, the jump-landings consisted of participants 

starting on a 30-cm box, which may not be an adequate representation of volleyball-related 

jump-landing maneuvers.  

Researchers examining the differences in landing tasks have associated unilateral 

landings with more risky biomechanical patterns.  When performing a unilateral landing 
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maneuver, injury may increase due to the load of both limbs being absorbed by a single limb 

upon impact.  Since volleyball players frequently land in a unilateral position, it is important to 

examine mechanisms to reduce injury during these maneuvers.  Females have been shown to 

display landing mechanics that increase their risk of knee or ankle injury,13,16-18,20,23 and 

preventative measures must be taken to minimize injury risk.  One such way is to examine how 

pre-exercise practices affect the risk of injury.  Since all female volleyball players perform pre-

activity warm-ups,39 the efficacy of these warm-up practices must be examined for injury 

prevention purposes.  The following sections will extensively detail the mechanisms of various 

warm-up procedures an athlete may perform prior to an athletic event.  Aspects of performance 

and injury prevention are examined across both sexes and multiple sports, with emphasis on 

female volleyball athletes.   

 

6. Static Warm-Ups: Injury Prevention and Performance 

 

 A SWU, commonly referred to as static stretching, consists of gradually lengthening a 

muscle to its end ROM and maintaining that position for a period, typically 10 – 30 seconds.35  

Researchers initially believed static stretching would be beneficial for injury prevention and 

performance enhancement31,36,37 and some form of static stretching is still utilized by athletes 

prior to activity.39,67,68  A study examining the acute effects of hamstring stretching on ACL 

injury risk in stop-jump and cutting tasks reported that female athletes did not display an 

enhanced risk of ACL injury patterns, suggesting athletes may perform static hamstring stretches 

prior to explosive activity.112  Additionally, the implementation of a three phase injury 

prevention program that included static stretching reduced injuries per competition day from 

1.66 to 0.60 in 25 America’s Cup sailors.113  In reviewing the efficacy of pre-exercise static 
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stretching for injury prevention, researchers reported static stretching did not reduce overall 

injury incidence and may potentially increase the risk of injury,48 however further examination is 

needed as it relates to musculotendinous injuries.114  The effects of pre-activity static stretching 

on athletic injuries is still relatively unknown and future investigation is necessary.  

When examining the chronic effects of static stretching, researchers have reported 

improvements in flexibility, sprint time, and long jump distance115, with the implications being 

that static stretching performed as a separate athletic session may improve athletic performance.  

However, the acute effects of static stretching may have a negative impact on a variety of athletic 

attributes, and athletes have demonstrated decreased CMJ height,51 increased sprint time,72,116 

slower agility performance,73 and impairments in muscle force41,117 and power42 following acute 

bouts of static stretching.  Following prolonged static stretching, researchers reported significant 

decreases in muscle force and torque production by as much as 12% in maximal voluntary 

contractions of the quadriceps musculature.41  Additionally, impaired (i.e. increased) RT and 

movement time (MT) following a SWU have been reported in other investigations.118  When 

comparing control conditions (5 minute cycle warm-up followed by 26 minutes of rest) to static 

stretching, participants improved RT (ES = 1.11) and MT (ES = 0.65) after the control condition 

by 5.8% and 5.7%, respectively, while increasing RT and MT by 4.0% and 1.9%, respectively, 

following static stretching.118  Interestingly, other researchers have observed significantly greater 

performance in control conditions compared to pre-activity static stretching,42,72,117 suggesting 

athletes may perform better without a warm-up as opposed to a SWU protocol.  In contrast to the 

aforementioned studies, other investigative groups have reported no inhibitory effects of static 

stretching on athletic attributes, including muscle strength119 and jump height112 performance.  
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Equivocal results from previous static warm-up research may be due to a lack of procedural 

consistency in both stretching duration and chosen movements.   

Research examining the effects of SWUs on female volleyball players is limited, yet 

researchers have recently reported significant impairment in jumping performance following 

static stretching.51,52  In an analysis of NCAA female volleyball jumping performance, CMJ 

height decreased by 9.9% following a seven minute static stretching session when compared to a 

dynamic warm-up.51  On the other hand, Dalrymple, Davis, Dwyer, and Moir (2010) failed to 

show any negative effects of static stretching on CMJ performance in collegiate women 

volleyball athletes.120  It should be noted that the total duration of the stretching intervention was 

only 180 seconds, which may have attributed to the non-significant results.120  Contradictory 

findings on the effects of static stretching in female volleyball players suggest future research 

should continue to examine whether SWUs are detrimental or beneficial to performance.   

 Volleyball players require high rates of force and torque development in order to 

complete successful athletic maneuvers, and impairments in force42,52,121,122 and torque43,46 

following static stretching may explain why volleyball athletes perform significantly worse on 

jumping measures.  Other factors, specifically the physiological effects of static stretching, may 

explain performance deficiencies.   

 

7. Static Warm-Ups: Physiological Considerations 

 

 Athletes perform static stretching to improve flexibility, which may be advantageous in 

movements requiring a lengthened muscle state.  As part of a warm-up protocol, static stretching 

has been reported to increase the range of motion across a joint.75,123  However, current evidence 

suggest that a SWU prior to an athletic event may impair performance, and researchers attribute 
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these performance detriments to several physiological responses.  Reduced force production after 

static stretching may be due to impaired neural input to the muscle,43,58,124 decreased reflex 

sensitivity,43,44 and increased musculotendinous unit (MTU) compliance.43,45,72,125,126  A 

compliant MTU results in reduced stiffness, which may lead to electromechanical latency of 

muscle activity and decrease the elastic energy available for repeated force production.72  Static 

stretching increases MTU compliance by reducing the sensitivity of the muscle spindle,46 a 

sensory receptor located in the muscle belly.  A muscle spindle detects changes in muscle length 

and provides a protective, contractile reflex to protect the muscle,127 but a static stretch decreases 

the magnitude of a muscle spindle’s response to stretch.  Another sensory receptor, Golgi tendon 

organs (GTOs), were initially believed to cause an inhibitory muscle response when performing 

static stretching.127,128  However, evidence suggests higher order functions from the central 

nervous system regulate the GTO and other receptors through parallel processing,128 causing the 

muscle to relax during a static stretch.127,128  A muscle in a relaxed state may decrease overall 

tension,129 which may predispose an athlete to injury when performing a high force movement.15  

As the MTU becomes more compliant from static stretching, resting sarcomere length may 

increase,74 resulting in an altered length-tension relationship in the muscle.74,76,124,126  Due to the 

viscoelastic properties of the MTU, acute static stretching may increase length and decrease 

tension of a muscle, reducing its maximum force capacity during subsequent athletic 

movement.124,126,130   

Evidence suggesting negative physiological responses following SWUs, potentially 

leading to acute performance impairments and increased risk of injury, have researchers 

questioning its use prior to an athletic event.40,53,54,126  Instead, a dynamic warm-up, often termed 

dynamic stretching, may be more appropriate for performance and injury prevention.  The 
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following sections will explore prior research on the effects of DWUs relating to performance 

and injury, along with the physiological mechanisms associated with DWUs.   

 

8. Dynamic Warm-Ups: Injury Prevention and Performance 

 

 A dynamic warm-up, or dynamic stretching, consists of whole-body, often sport-specific 

movements to prepare the athlete for activity.53,71  Examples of dynamic exercises include skips 

with arm circles, high knee runs, lunges with rotation, and two sprint steps at specific intensity 

levels.  Unlike a static warm-up, DWU exercises can be progressed or regressed based upon an 

athlete’s (chronological and/or training) age and skill level.  For example, a static hamstring 

stretch is typically executed in a seated or supine position.116,131,132  A dynamic hamstring stretch, 

meanwhile, can initially be performed standing, and then progressed to be incorporated into a 

walking, skipping, or running motion.53  While static warm-ups prior to activity have been 

shown to be detrimental to injury prevention,47,48 recent research investigating the effects of 

dynamic warm-ups on injury are promising.  In examining the effects of various warm-ups on 

injury rates, Zakaria, Kiningham, and Sen (2015) reported a non-significant decrease (2.0 to 

1.42) in injuries per team after a DWU compared to a CDS.56  The authors concluded dynamic 

stretching and incorporating sport-specific movements, may be an appropriate warm-up to 

reduce injury in adolescent male soccer players.56  A popular warm-up protocol among soccer 

organizations is the FIFA 11+ injury prevention program.  FIFA 11+ is designed to minimize 

injury risk in male and female players,133 and the protocol is implemented as a 10-15 minute 

warm-up with minimal equipment.57  The FIFA 11+ program incorporates core stabilization, 

eccentric and proprioceptive exercises, dynamic stabilization, and jumping drills.57  While the 

FIFA 11+ is not purely a DWU, elements of the program include dynamic exercises such as 
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walking lunges and running exercises at moderate / high intensity with planting / cutting 

movements.133  The FIFA 11+ warm-up has demonstrated significant effects on player injury, 

ranging from a 30-70% reduction in soccer injury rates.57  However, all elements of the FIFA 

11+ are implemented into the warm-up protocol, so it is difficult to ascertain which exercise 

modality (e.g. core, plyometric, or running drills) provide the most injury prevention benefits.57  

Extensive literature has focused on the performance aspects of warm-ups, and DWUs are 

believed to have a positive effect on performance, leading many researchers to recommend a 

DWU over a SWU before training or competition.40,53,55,58,59,71  Following DWUs, performers 

have demonstrated enhancements in jump height,40,51,62,65,66,134,135 maximal power production,42,65 

muscle activation,60,74 and strength.64,136  Faster sprint40,49,63,72,75 and agility58,73 times have also 

been reported after completion of dynamic stretching.  Examinations of female volleyball 

athletes have demonstrated that DWUs improve subsequent sporting performance in jumping 

tasks.51,65,66  In a comparison between dynamic and static stretching strategies, Kruse et al. 

(2013)51 reported an average of 5.18 and 2.73 cm increase in CMJ height at one and five minute 

time periods after a pre-match dynamic stretching routine.  There is evidence across many sports 

and athletic movements to support the use of a DWU over a SWU for increasing performance, 

though there is a dearth of evidence with regards to its impact on injury prevention.  When 

examining volleyball and other sports, researchers often attribute subsequent performance 

enhancement to the physiological changes that occur during a DWU.   

 

9. Dynamic Warm-Ups: Physiological Considerations 

 

A dynamic warm-up may improve subsequent performance due to several physiological 

mechanisms, including increased tissue and blood temperature,46,53 heart rate,46,86 and electrical 
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activity produced by skeletal muscle.60,137  Due to these changes, a muscle will contract with 

greater force and utilize more available oxygen.53  While static stretching has been associated 

with increased MTU compliance,43,45,72,125,126 dynamic stretching may increase acute MTU 

stiffness.72,125  A stiffer MTU can store more elastic energy during the eccentric loading phase,49 

increasing the RFD and total force production during the concentric phase of motion.130,138,139  

MTU stiffness also affects the movement of joints through their ROM; increased stiffness allows 

force to be transferred more quickly to bone, generating faster movement.130,140  In contrast, 

static stretching may have detrimental effects on the MTU to transmit force to the skeletal 

structure.59,141  When less force is applied to bone, total force production will decrease during the 

athletic maneuver.59  In addition to these positive physiological changes, researchers have 

postulated that enhanced performance following a DWU may be due to PAP.42,55,63,66,74,76,77,135  

Researchers define PAP as a phenomenon in which a muscle’s previous contractile 

history will enhance subsequent muscle contractile performance.142,143  A preconditioning 

stimulus, such as heavy weight training, is believed to elicit the effects of PAP for increased 

performance in sprinting and jumping activities.84,143  Muscle potentiation is attributed to 

increased phosphorylation of regulatory myosin light-chains and activation of myosin light chain 

kinase,61,143,144 which may increase a contractile protein’s sensitivity to calcium. 143,145  Enhanced 

calcium sensitivity may result in a greater contractile response and overall muscle force 

output142,145 at any given calcium concentration.145  However, the application of PAP to sport is 

still under investigation.  Interaction of potentiation and fatigue,61,142,145,146 time between the 

preconditioning stimulus and performance,50,84,145 and training level of an individual84,61,142,143 

are all factors that may influence PAP’s efficacy for enhanced performance.  In addition, studies 

that have investigated the acute effects of PAP used equipment (e.g. dynamometers and squat 
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racks) not readily available before competitive situations.143  Therefore, an activity or sport-

specific dynamic warm-up may be implemented as a more feasible option for athletes and/or 

teams to elicit PAP for performance improvement.84,143  The following section will introduce 

sport-specific DWUs and highlight the merits for its use as a pre-exercise choice to decrease the 

risk of injury and enhance performance compared to static stretching. 

 

10. Sport-Specific DWU: Injury Prevention and Performance 

 

 Sport-specific dynamic warm-ups include exercises to prepare the athlete for typical 

sporting movements that occur in competition.53,71  Rehearsing sport-specific actions in warm-

ups allows the predominant muscles used in a specific sport to experience the positive 

physiological changes from a dynamic warm-up, which can increase performance and reduce 

injury.  When soccer-specific movements were implemented into a warm-up protocol, examples 

including running drills with cutting maneuvers and jump-landing exercises, injury incidence 

decreased from 8.8 to 1.7 per 1000 athlete-exposures (AEs), resulting in an 81% reduction in 

lower extremity injuries.82  A reduction in injury following DWUs may be due to the physiologic 

mechanisms occurring during the dynamic pre-activity.  Increased muscular activity, along with 

PAP effects, may alter the forces applied to the ligamentous and skeletal structures.  After a 

DWU, the muscle may be able to more effectively attenuate the forces applied to the body, 

potentially reducing stress on the surrounding ligaments and bones during sporting movements.  

Alternatively, a muscle undergoing a static stretch may not be able to alleviate the load on other 

tissues in subsequent sport maneuvers due to the negative physiological changes associated with 

a SWU, as mentioned in a previous section.  
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In addition to potential reductions in injury, researchers have demonstrated performance 

benefits attributed to sport-specific DWUs, including improved anaerobic power62 and sprinting 

performance50,75 following activity specific warm-up protocols.  In examining sprint performance 

following various warm-up protocols, investigators determined the addition of three sprint 

specific exercises to a general dynamic warm-up decreased sprint time by 0.94% (ES = 0.36) in a 

20 m sprint test.75  The authors concluded the approximately 1% improvement in sprint time may 

only be consequential to an elite-level performer.75  Furthermore, a study investigating the 

effects of warm-up on volleyball jumping performance determined a volleyball-specific warm-

up, compared to six other protocols, demonstrated the greatest effects on explosive jumping 

performance.65  A 10% improvement in maximal power output was observed after the sport-

specific warm-up, which was comparable to power production following a heavy squat warm-up 

at 80% and 90% of the athlete’s one repetition maximum.65  

Even though predominately positive effects have been associated with DWUs, 

components of static stretching are still included in warm-up practices.39  The next section will 

examine the effects of performing both static and dynamic exercises in a warm-up routine on 

injury prevention and performance.  

 

11. Combined Dynamic-Static Warm-Ups: Injury Prevention and Performance  

 

 A pre-competition or training warm-up often includes general aerobic activity (e.g. 

jogging), followed by dynamic exercises and static stretching.39,67,68,116  Even without support 

from the current literature, coaches and trainers still implement some form of static stretching 

into their warm-up, possibly attributed to a reluctance to change traditional routines.39,67,68  

Fortunately, investigators have begun to examine the effects of CDS on performance and injuries 
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variables.  Investigating the effects of warm-up on injury prevention, researchers reported a non-

significant decrease (2.0 to 1.42) in injuries per team when comparing a combined dynamic and 

static warm-up to a dynamic stretching protocol.56  An earlier study investigating the effects of 

warm-up and stretching on post-halftime injuries revealed three minutes of dynamic movements 

(running in place and jumping jacks) and stretching (trunk twists and hamstring, groin, and 

quadriceps stretches) significantly reduced the number of third-quarter sprains and strains 

compared to control conditions.147  However, the total number of third-quarter injuries were not 

statistically significant.147  Furthermore, the study used non-random sampling, reassigned teams 

to groups based on compliance, and failed to delineate the location of the sprains and strains for 

both groups.147  

As it relates to performance measures, investigators have reported significantly slower 

sprint times after a combined dynamic-static stretching warm-up compared to dynamic stretching 

alone.50,69,70  In a study examining the “wash out” effects of static stretching, 10 minutes of static 

stretching, preceded by a 30 minute DWU, decreased sprint performance by 3% in highly trained 

track athletes.148  Furthermore, non-significant decreases in sprinting force and power production 

have been observed following the CDS condition.70  While a CDS warm-ups have demonstrated 

impairments in sprint performance, other researchers determined static stretching, combined with 

dynamic activity, had no deleterious effect on jumping performance compared to dynamic 

action.149  A closer examination of the study reveals that the dynamic movement consisted of 

hopping with both legs for a continuous 90 seconds, which is activity very similar to ballistic 

stretching.  Ballistic stretching is not recommended as a pre-exercise warm-up due to the 

increased risk of injury associated with the activity.36  Investigations of sprint performance 

following warm-ups also revealed dynamic stretching significantly decreased reaction time (RT) 
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by 16.3% and 32.6% compared to static stretching and CDS, respectively.70  One possible 

explanation for the increased RT and MT is the lengthened MTU following static stretching, 

which may increase the electromechanical delay and decrease both the rate of force and tension 

development.118  Overall, evidence suggests the inclusion of static stretching produces no added 

benefit for performance when combined with a DWU or dynamic exercises,40,50,69,70,150 and 

researchers recommend coaches, athletes, and other sports personnel remove this practice from a 

warm-up protocol.40  

 

12. Biomechanical Effects of Warm-Up  

 

When determining an appropriate warm-up for athletic movement, the biomechanical 

(kinematic and kinetic) effects of a warm-up on subsequent sporting maneuvers must be taken 

into consideration for injury risk and performance enhancement purposes.  Kinematic variables 

describe motion (e.g. joint position, velocity, and acceleration), while kinetic variables concern 

to the forces causing motion (e.g., joint torque and moments), and the warm-up an athlete 

performs may affect the biomechanics of subsequent athletic movements.  All athletes perform 

pre-activity warm-ups,39 and considerable evidence exists supporting the use of DWUs over 

SWUs and CSDs for performance improvement.40,42,49-51,53,55,58-64,66,71-75,134-136   However, few 

investigators have examined the biomechanical aspects of warm-up on athletic movements, and 

research has been limited to a few common kinematic and kinetic variables, such as joint angular 

velocities, joint flexion angles, and GRFs.  In an investigation of static stretching on the 

kinematics of a VJ, no significant differences were reported in peak vertical velocity, peak knee 

flexion, and durations of the eccentric and concentric movement phases compared to a control 

condition.78  A recent examination of jumping and cutting tasks in female athletes revealed peak 
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lateral tibial shear force decreased following four minutes of static hamstring stretches.112  

Currently, one study has examined the biomechanical effects of a static warm-up on female 

volleyball jumping performance, and researchers reported negative kinetic profiles after a static 

stretching.52  Athletes demonstrated significantly reduced RFD and peak force production in a 

CMJ maneuver after a seven minute static warm-up,52  which may impair maximum jump height 

and potentially affect a player’s performance in a blocking or spiking maneuver.  A decreased 

kinetic profile following SWUs may be attributed to the physiological mechanisms that occur 

during static stretching, such as an acute increase in MTU compliance and muscle length, both of 

which may decrease a muscle’s force generating capabilities. 

Compared to SWUs, DWUs have revealed positive biomechanical changes associated 

with sporting performance, specifically in the kinematics and kinetics of athletic movements.  

Significant decreases in concentric movement duration, along with increased eccentric 

movement time, were reported after a dynamic stretching protocol during a soccer instep kick.76  

Investigators believe improvements in concentric and eccentric movement phases may attribute 

to enhanced muscle stretch-shortening cycle performance, leading to enhanced overall sporting 

performance.76  In a follow-up study, the researchers reported faster hip and knee angular 

velocities after a dynamic warm-up, which led to a 19.9% faster average ball velocity.77  

Furthermore, increased hip dynamic ROM during the forward and follow-through phases of an 

instep kicking motion were reported after a DWU, with authors concluding that improvements in 

hip ROM can lead to enhanced soccer performance and injury prevention during competition.55  

After basketball and volleyball athletes performed resistance DWUs as a function of body weight 

percentage, CMJ and squat jump height increased significantly, along with non-significant 

increases in hip and knee ROMs.66  The investigators believed the increased hip and knee joint 



31 
 

ROM may have contributed to the improved jumping performance.66  Analyses of the kinetic 

profile of warm-up protocols concluded that pre-exercise routines incorporating dynamic 

exercises decreased peak vGRFs79 and improved knee separation values upon landing,33 which 

may decrease the risk of injury to the ACL and other lower extremity structures.21,33  A recent 

investigation of preadolescent female soccer players using the FIFA 11+ warm-up revealed 

reduced peak knee valgus and ankle eversion moments during a double leg jump-landing task 

following an eight week intervention.80  However, for a single leg jump-landing maneuver, there 

were no significant differences in knee valgus moments.80  The authors speculated that the 

emphasis on single leg balance in the FIFA 11+ warm-up, rather than landing mechanics, may 

have contributed to the non-significant results.80  Compared to static stretching, female volleyball 

players demonstrated significant increases in RFD and peak force, along with reduced time-to-

takeoff one minute after a dynamic stretching protocol.52  However, no significant differences 

were reported 15 minutes after stretching.52  Increased force production over a shorter of time, 

paired with improvements in reaction time and enhanced physiological mechanisms, may 

provide a rationale as to why female volleyball athletes achieve significantly greater jump 

heights following a DWU.   

 

13. Conclusions 

 

Female athletes are at an increased risk of sustaining an ACL or other lower extremity 

injury compared to males due to a variety of intrinsic and extrinsic factors.13-16,102  In landing 

tasks, females adapt a different strategy than males, including a more erect position,13,18 

decreased joint flexion at the hip and knee,13,17 altered muscle activity,16,20,22,23 and increased 

torsion about the longitudinal axis of the knee.13,15  Due to these differences, females tend to 
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display risky landing patterns such as increased knee valgus19,20 and elevated peak GRFs,21 

potentially placing more stress on the ACL and other lower extremity structures.   

The sport of volleyball requires athletes to perform frequent jump-landing maneuvers, 

and players often land in a unilateral position during competition.8  Unilateral landings place 

more demand on the lower extremity due to a decreased knee flexion angle,17,19 increased knee 

valgus,19,24 reduced hamstring activity,16 and higher GRFs.17,25  Often, unilateral landings are 

considered “stiff” upon impact compared to bilateral maneuvers,19 further increasing the risk of 

injury to the ACL.  When performing a unilateral landing task, females have exhibited increased 

quadriceps activity20,22,23 combined with reduced gluteus maximus20 and hamstring activation.16  

Due to sex differences and task requirements, a female volleyball player performing repeated 

unilateral landings in training or competition may be at an increased risk for injury. 

Effective movement patterns can decrease injury risk while also leading to improved 

sporting performance,55 with both potentially impacted by the type of warm-up an athlete 

performs.74,82  Therefore, it is necessary to assess both the kinematic and kinetic changes of 

athletic movement following various warm-up protocols.57,78,82  The majority of prior research 

has separated static and dynamic warm-ups and examined performance measures, however, it is 

uncommon that athletes perform a strictly static warm-up and instead opt for either a dynamic or 

combined dynamic-static warm-up.39  Despite the preponderance of athletes utilizing a DWU or 

CDS, there is a paucity of research examining the effects of a DWU or CDS on the biomechanics 

of subsequent athletic movement.  Furthermore, the investigator is unaware of prior research 

examining the comprehensive kinematic and kinetic profile of the lower extremity of a sporting 

maneuver following a warm-up.  Analysis of a DWU or CDS protocol on the biomechanics of a 

common athletic movement will help determine the impact of warm-up on injury, which has not 
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been adequately investigated by the current literature.87  Since athletes often perform static 

stretching and dynamic exercises in warm-up routines,39,67,68  it is necessary to examine the 

biomechanical differences of a sport-specific action following a DWU or CDS to determine 

which warm-up protocol is most effective in minimizing injury risk during training or 

competition.   

While the effects of warm-up on jumping performance in female volleyball players have 

been examined in the literature, evidence is lacking in the manner in which players land from 

these maneuvers.  Investigating the kinematics and kinetics of a unilateral landing following a 

DWU or CDS is important for researchers, coaches, and athletes to develop warm-up protocols 

that reduce the risk of injury in addition to previously recognized performance enhancement.  

Therefore, the purpose of this study is to determine whether the addition of static stretching to a 

dynamic warm-up affects the kinematics and kinetics of the lower extremity during volleyball-

specific dominant and non-dominant unilateral landing tasks in female volleyball players. 

  



34 
 

Chapter 3: Manuscript 
 

KINETIC ANALYSIS OF UNILATERAL LANDINGS IN FEMALE  

VOLLEYBALL PLAYERS AFTER A DYNAMIC AND COMBINED DYNAMIC-

STATIC WARM-UP 

 

 

 

Jason M. Avedesian1, Lawrence W. Judge2, Henry Wang1, and D. Clark Dickin1 

 

1Biomechanics Laboratory – Ball State University, 2School of Kinesiology 

Ball State University, Muncie, IN USA 

 

 

 

 

 

 

 

 

 

 

 

Correspondence Address: 

D. Clark Dickin 

3401 N. Tillotson Ave 

Attn: Clark Dickin, HP 311 

Ball State University 

Muncie, IN 47306 

Phone: (Int+1) (765) 285-5178 



35 
 

Fax: (Int+1) (765) 285-8762 

Email: dcdickin@bsu.edu 

  



36 
 

KINETIC ANALYSIS OF UNILATERAL LANDINGS IN FEMALE  

VOLLEYBALL PLAYERS AFTER A DYNAMIC AND COMBINED DYNAMIC-

STATIC WARM-UP 

  



37 
 

Abstract 

A warm-up is an important period before training or competition to prepare an athlete for the 

physical demands of subsequent activity.  Prior research has extensively focused on the effects of 

warm-up in relation to various jumping performance attributes, however, limited research has 

examined the biomechanical nature of landings following common warm-up practices.  Twelve 

female, collegiate-level volleyball players performed unilateral landings on the dominant and 

non-dominant limb prior to- and post- dynamic (DWU) and combined dynamic-static (CDS) 

warm-ups.  Kinetic variables of interest were measured at the hip and knee during the landing 

phase of a volleyball-simulated jump-landing maneuver.  A significant 3-way interaction (warm-

up x limb x time) for peak internal knee adduction moment was observed, as this kinetic 

parameter significantly increased (p = 0.013; d = 0.79) in the non-dominant limb at 1 minute post 

CDS warm-up.  No other warm-up differences were detected, however, significant main effects 

of limb were determined for dominant limb hip abduction moment (p < 0.001; d = 1.32), 

dominant knee internal rotation moment (p < 0.001; d = 1.88), and non-dominant knee external 

rotation moment (p < 0.001; d = 1.86), which may be due to altered hip and trunk mechanics 

during the jump-landings.  This information may provide practitioners with biomechanical 

information to determine warm-up protocols that reduce the risk of injury in female volleyball 

athletes.   

 

 

 

 

 

 

Keywords: Biomechanics; Stretching; Landing Mechanics; Anterior Cruciate Ligament  
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Introduction 
Volleyball is a highly competitive and popular international sport, with the Fédération 

Internationale de Volleyball (FIVB) claiming 220 national federations (45) and over 800 million 

participants (10).  In the United States, women's collegiate volleyball has grown substantially 

during the past 30 years, totaling 17,119 participants in the 2015-2016 season (26).  Due to 

repetitive jump-landings and other maneuvers, the risk of injury in volleyball is comparable to 

other sports such as hockey or soccer (1), with injury incidence rates reported between 2.9-4.1 

injuries per 1000 athletic exposure hours (8).  The majority of volleyball injuries are to lower 

extremity structures (2), with acute ankle sprains and knee internal derangement injuries [e.g., 

anterior cruciate ligament (ACL)] often occurring when a player is landing from a block or spike 

maneuver (40).  A sprain / tear of the ACL is a severe injury accounting for approximately 26-

60% of acute knee injuries in female volleyball athletes (2,26).  Females participating in landing 

sports are 2-8 times more likely to injure the ACL compared to males (9).  This increased injury 

rate in females can be attributed to intrinsic (e.g. greater Q-angle) and extrinsic (e.g. decreased 

skill level and body awareness) factors (44).  When performing landings, females demonstrate 

movement biomechanics that may increase the risk of injury to the ACL and lower extremity, 

such as landing in an erect position with less hip and knee flexion (13), increased knee valgus 

(29), and higher ground reaction forces (GRFs) (30).  Anatomical and skill differences resulting 

in altered landing technique may be contributing factors that lead to an increased risk of ACL 

injury associated with female athletes.  Female volleyball players often perform unilateral 

(single-leg) landings in training or competition (40), and these landings are associated with risky 

biomechanical patterns due to one limb absorbing the impact generated in the jump phase by 

both limbs.  Compared to bilateral (double-leg) landings, females perform unilateral landings 

with increased knee valgus (28) and GRFs (39), placing additional stress on the lower extremity 
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thus increasing susceptibility to ACL injury (39).  In examining limb dominance of unilateral 

landings, a recent investigation reported higher risk dominant limb landing mechanics in female 

volleyball players (36).  While the study assessed the matter of limb dominance, the jump-

landing sequence was not volleyball-specific, highlighting the need for continued research into 

limb dominance and landing mechanics in this population.  The aforementioned landing studies 

provide necessary information regarding risk of injury during a jump-landing task, however, 

these investigations often do not implement a sufficient warm-up (36,39) or fail to include a 

warm-up in the experimental procedure (28). 

An aspect of sport that may advance our understanding of injury prevention is the 

investigation of pre-activity warm-ups and their biomechanical effects on subsequent sport 

actions.  While warm-ups are beneficial for athletes, researchers continue to debate the efficacy 

of various protocols relating to injury (43).  Before an athletic event, athletes may perform a 

variety of warm-ups, including a dynamic (DWU) or combined dynamic-static (CDS) warm-up.  

Early evidence suggested the use of static stretching to decrease muscle injury and improve 

physical performance (37).  A recent examination of warm-up in women’s collegiate volleyball 

programs reported 58% of athletes include static stretching in warm-up practices (23).  The 

findings to date on static stretching and injury are largely equivocal and warrant further 

investigation, as static stretching failed to show a decrease in soft tissue or bone injury (31), and 

may increase risk of injury (35).  However, other investigations have reported significant 

reductions in injury rates when athletes performed static stretching prior to training (20).  An 

examination of warm-up on injury rates demonstrated a non-significant decrease when 

comparing a DWU to CDS in soccer athletes (43), and warm-up programs that exclude static 

stretching, such as the FIFA 11+, revealed significant reductions in player injury (5).  As it 
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relates to performance, investigators observed significantly worse sprint (16) and reaction times 

(41) when static stretches were performed with dynamic activity, however, no significant 

differences were reported in biomechanical variables including peak force and power production 

during sprint performance (41).   

While warm-up research on performance has been thoroughly examined (15,20,24), there 

is need to analyze the biomechanical considerations of warm-ups for injury purposes.  Research 

on movement biomechanics after warm-ups is sparse, however, recent investigations reported 

reductions in GRFs (15) and peak knee valgus moments (38) in jump-landing tasks following 

warm-ups that included dynamic exercises.  Dynamic stretching significantly improved kinetic 

jumping performance compared to static stretching or control conditions in female volleyball 

athletes (25).  Enhanced biomechanical movement patterns following a warm-up may lead to 

improved performance and reduction in risk of injury (3), therefore, it is necessary to continue 

investigating warm-ups to further understand their effects on the biomechanics of subsequent 

athletic movement. 

Prior to activity, female volleyball players perform various warm-ups (23) with evidence 

suggesting a DWU is more appropriate for performance enhancement (25), however, the 

biomechanics of a sporting maneuver following warm-ups have not been adequately examined in 

the literature.  As such, investigating landing mechanics following warm-ups is crucial to 

determine appropriate protocols to minimize risk of injury in female athletes.  While jumping 

performance in female volleyball players is altered by warm-up type (25), the effects of warm-up 

on landing mechanics have not been investigated.  To develop injury resilient athletes, it is 

necessary to assess the biomechanical changes following warm-ups (19) to help guide practice 

strategies that reduce risk of injury to the lower extremity. Additionally, limb dominance and 
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landing mechanics in female volleyball athletes has not been adequately analyzed, meriting 

further investigation for injury risk assessment.  The purpose of the current study was to 

determine whether the addition of static stretching to a dynamic warm-up affects lower extremity 

kinetics during dominant and non-dominant unilateral landings in female volleyball athletes.  To 

the authors’ knowledge, this study was the first to examine unilateral landing mechanics in 

female volleyball athletes following a DWU or CDS warm-up. 
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Methods 
 

Experimental Approach to the Problem 

 

A counter-balanced, within-subject study design was implemented to examine the effects of a 

DWU and CDS on kinetic measurements of unilateral landings.  Kinetic variables of interest 

were vertical ground reaction force (vGRF), loading rate, and internal joint moments at the hip 

and knee.  These variables were assessed during two separate test sessions at three time points 

(pre warm-up, 1 minute post warm-up, and 15 minutes post warm-up) to simulate performing 

landings shortly after warm-up completion and to accommodate for when the athlete is given a 

short break during training or competition (24).  Each testing time point included five trials.  Pre 

warm-up landings were assessed to determine the acute change in landing kinetics across time.  

Warm-up protocols were adopted from previous research on jumping performance in female 

volleyball athletes (24), whereas the CDS warm-up combined both dynamic and static stretching 

components of these protocols in order to increase the external validity to common warm-up 

practices in women’s volleyball (23). 

 

Subjects 

 

A sample of 12 female volleyball athletes (age: 19.8 ± 1.2 years; height: 1.72 ± 0.06 m; mass: 

70.9 ± 5.4 kg; volleyball playing experience: 9.8 ± 2.6 years) who were either currently involved 

at the collegiate club level (n = 10) or were active in the sport for at least five years prior (13) (n 

= 2) participated in the study.  Results from an a priori power analysis on knee valgus moment 

during a landing task (alpha = .05; power = .80) was performed, indicating that a sample size of 

12 met sufficient statistical power (7).  To meet inclusion criteria, subjects were to be free of any 

previous knee or ankle injuries within the last three months, along with any physiological or 
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neurological conditions that would limit landing technique at the time of participation.  Subjects 

were instructed to not engage in strenuous activity at least twenty-four hours prior to each test 

session.  Prior to the study, subjects signed a university approved informed consent form in 

accordance with the Declaration of Helsinki, in addition to a health history questionnaire. 

 

Procedures 

 

Figure 1 shows a flow chart of the experimental procedures.  Subjects visited the laboratory for 

two experimental test sessions on non-consecutive days.  On test days, subjects were provided 

compression clothing and standard cross-trainer shoes (Nike WMNS T-Lite VII Leather, 

Beaverton, OR).  Anthropometric measurements of each participant were recorded, including 

height, weight, knee width, ankle width, limb length, and inter-anterior superior iliac spine 

distance, used to determine normalized kinetic parameters during the landing task.  Motion data 

was collected at 200 Hz with a 12-camera Vicon motion-analysis system (VICON Inc., Denver 

CO) and GRFs were measured at 2000 Hz using two embedded force platforms (Model OR6-7-

2000, Advanced Mechanical Technologies Inc., Watertown, MA, USA).  Using a modified Plug-

In-Gait Model (Vicon Motion System Ltd., Oxford, UK), spherical retro-reflective markers (14-

mm width) were placed on the following anatomical landmarks: jugular notch and xiphoid 

process, and bilaterally on the acromion process, posterior superior iliac spine, anterior superior 

iliac spine, iliac crest, medial and lateral femoral condyles, medial and lateral malleoli, posterior 

calcaneus, base of second metatarsal, and the base of the fifth metatarsal.  Additional four-

marker clusters were placed bilaterally on the lateral aspect of the thigh and shank. 

Once markers were placed on the subjects, static calibration and range of motion trials at the 

knee and hip of each limb were completed to determine body alignment and define anatomical 
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landmarks for subsequent biomechanical measures.  Subjects then completed three minutes of a 

self-paced, low-to-moderate-intensity jog, in order to mimic the general aerobic activity 

component of a typical warm-up procedure (4).  After aerobic activity, three maximum counter-

movement jumps (CMJs) were assessed using a Vertec Jump system (Sports Imports, Columbus, 

OH) to determine maximum vertical jump height on each test day.  The best of three jumps was 

then used to control for effort during the jump-landing task by requiring subjects to reach at least 

80% of their maximum jump height for a successful trial (14).  Subjects then performed the first 

set of landing trials (pre warm-up jump-landings).  Once the first set of dominant [chosen as the 

preferred leg to kick a ball (14)] and non-dominant landings trials were completed, subjects 

performed the DWU or CDS protocol, followed by the second and third landing trials at 1 

minute and 15 minutes post warm-up.  Subjects were randomly assigned the order of warm-up 

completion.  Following the final landing trials, participants performed three maximal isometric 

contractions of the quadriceps and hamstring musculature on a Cybex dynamometer (HUMAC 

2009v.9.6.0: NORM, Medway, MA) to determine knee flexor and extensor strength in a manner 

similar to prior protocols (14).  

 

(Figure 1 about here) 

 

Warm-Up Protocols 

 

Warm-ups were adopted from prior research on the effects of warm-up on volleyball jumping 

performance (25).  The DWU consisted of the following: light jog across a 10 meter platform, 

leg cross-overs, high knee-pull, high lunge-pull, high knees-to-chest, quadriceps pull, hip cradle, 

lunge with twist, reverse kick, high kicks / reach, spiderman, skip-hop, back pedal, and high 
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kicks.  Each movement was performed for 20 meters or approximately 30 seconds (total duration 

= 7 minutes).  The CDS warm-up comprised of static stretching the seven major lower extremity 

muscle groups (hip flexors, hip adductors, gluteal muscles, hamstrings, quadriceps, 

gastrocnemius, and soleus), and were completed after the DWU exercises (total duration = 14 

minutes).  The static exercises included: pretzel, supine knee flex, hip flexor lunge, hurdler’s 

stretch, quadriceps pull, calf stretch, and soleus stretch.  Each stretch was performed once on 

each limb for 30 seconds (25).  To account for stretching intensity, subjects were instructed to 

reach their end range of motion and maintain the stretch position to the point of mild discomfort.   

 

Landing Task 

 

Landing trials were collected for the dominant and non-dominant limbs in a randomized order of 

completion.  All subjects (n = 12) reported the right limb as the dominant lower limb and the 

right arm as the limb used to perform an offensive maneuver.  The unilateral landing required 

subjects to start approximately one meter from the force platforms, with the Vertec Jump system 

placed to the right of the force plates to correspond with the participant’s favored arm that would 

be used to complete a spike maneuver (25).  Subjects were instructed to utilize a one-step 

approach, perform a CMJ jump and contact the Vertec vanes at 80% of their maximum vertical 

jump height, and land unilaterally with the full foot on the force platforms, avoiding ground 

contact with the contralateral limb until beginning to ascend from the landing.  This procedure 

was used in an attempt to replicate a volleyball jump-landing maneuver following the completion 

of a spike or tip during competition (25).  Subjects performed up to three practice trials on each 

limb before data collection, and five successful trials at each time point were used for data 
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analysis.  A 30 second rest was given between each trial to control for potential fatiguing effects 

(14).   

 

Data Processing 

 

Data was processed in Visual 3D (C-Motion, Germantown, MD, USA) to calculate GRFs and 

lower extremity joint kinetics during landings.  Raw marker coordinate data was smoothed with 

a fourth-order Butterworth low-pass filter at 8 Hz, and GRF data was smoothed at 50 Hz (12).  

Analysis of the kinetic measurements included: GRFs, loading rate, and hip and knee joint 

moments in the frontal and transverse planes for the dominant and non-dominant limb.  The 

maximum value of each kinetic variable was determined from initial limb contact until 

maximum knee flexion.  The vGRF was normalized to each subject and expressed in body 

weights (BWs).  Loading rate was determined as the time to maximum vGRF and expressed in 

body weights per second (BW/s).  Joint moments, normalized to each subject’s body height (m) 

and mass (kg), were analyzed using inverse dynamics and expressed as internal joint moments.   

 

Statistical Analysis 

 

Statistical analysis was performed using SPSS software (Version 24.0 for Windows, IMB, Inc., 

Chicago, IL, USA).  Independent samples t tests were performed for muscle strength of the 

hamstrings and quadriceps between the dominant and non-dominant limb.  Descriptive statistics 

(mean ± SD) were reported as the average of the five landing trials at each of the three time 

points.  To determine statistical significance, separate repeated-measures MANOVA tests were 

performed, with follow-up simple contrasts to determine specific differences.  Normality was 

assessed with the Kolmogorov-Smirnov and Shapiro-Wilk statistics.  When sphericity was 
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violated, Greeenhouse-Geisser corrections were applied.  An alpha level of .05 was set for all 

statistical tests and Cohen’s d effect sizes (0.2 = small, 0.6 = moderate, 1.2 = large) were 

reported for all variables of interest (22).  
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Results 
Analysis of the independent samples t tests did not reveal any significant strength differences of 

the hamstrings [t(22) = .662 ; p = 0.515] or quadriceps [t(22) = .413 ; p = 0.683] between the 

dominant and non-dominant limb.  Descriptive values of each kinetic variable from the within-

subject analysis are displayed in Table 1.  The ANOVA for vGRF or loading rate did not reveal 

any main effects, however a higher-order interaction (limb x time) was observed for vGRF 

[F(2,22) = 3.618; p = 0.044].  Non-dominant vGRF increased from pre warm-up to 1 minute post 

warm-up (4.11 BWs to 4.17 BWs) while dominant limb vGRF decreased (4.23 BWs to 4.17 

BWs) over this same time period [F(1,11) = 5.573; p = 0.038].  From pre warm-up to 15 minutes 

post warm-up, no significant differences were detected in the non-dominant limb, while 

dominant limb vGRF decreased over this time (4.23 BWs to 4.07 BWs), confirmed with a simple 

contrast [F(1,11) = 5.035; p = 0.046; d = 0.24].  The ANOVA for frontal plane hip moments 

revealed a significant main effect of limb [F(1,11) = 25.330; p < 0.001; d = 1.32], with greater 

dominant limb peak hip abduction moment (2.15 ± 0.55) compared to the non-dominant limb 

(1.53 ± 0.37).  No other significant main or interaction effects were found for hip kinetics. 

 Significant main effects of limb (p < 0.001) and time (p = 0.013) were detected for peak 

knee adduction moment, however a higher-order three-way interaction (warm-up x limb x time) 

was observed [F(2,22) = 5.717; p = 0.01].  Specifically, there was a significant increase in peak 

knee adduction moment from pre CDS warm-up (-0.55 N·m/kg ± 0.24) to 1 minute post CDS 

warm-up (-0.76 N·m/kg ± 0.29) in the non-dominant limb, confirmed with a simple contrast 

[F(1,11) = 8.821; p = 0.013; d = 0.79] and shown in Figure 2.  Further analysis into knee 

adduction moment did not detect differences in the dominant limb and the three-way interaction 

was not observed in the DWU condition.  A main effect of limb was observed for peak knee 

abduction moment [F(1,11) = 23.848; p < 0.001; d = 1.35], with greater peak knee abduction 
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moment in the dominant limb (0.97 N·m/kg ± 0.34) versus the non-dominant limb (0.55 N·m/kg 

± 0.28).  

Examination of transverse plane knee kinetics revealed a main effect of limb for both 

knee external and internal rotation moments, along with a main effect of time for knee internal 

rotation moment.  Specifically, non-dominant knee external rotation moment was greater 

compared to the dominant limb [F(1,11) = 95.143; p < 0.001; d = 1.86], and dominant knee 

internal rotation moment was greater versus the non-dominant limb [F(1,11) = 57.907; p < 

0.001; d = 1.88].  As for the main effect of time on knee internal rotation moment [F(2,22) = 

9.213; p = 0.001], simple contrasts confirmed that subjects exhibited greater knee internal 

rotation moment pre warm-up compared to 1 minute post warm-up [F(1,11) = 6.391; p = 0.028; 

d = 0.12] and 15 minutes post warm-up [F(1,11) = 14.096; p = 0.003; d = 0.20].  

  

(Table 1 and Figure 2 about here) 
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Discussion 
A warm-up is an important period before training or competition to prepare an athlete for the 

demands of subsequent activity, however, little is known regarding the effects of warm-ups on 

the biomechanics of common sport movements.  This investigation determined whether the 

addition of static stretching to a dynamic warm-up affected lower extremity kinetics during 

dominant and non-dominant landings in this population.  It was hypothesized that athletes 

performing a CDS would demonstrate kinetic landing patterns that have been associated with 

increased risk of injury to the lower extremity compared to a DWU.  An additional hypothesis 

was significant kinetic differences would not be reported between the dominant and non-

dominant limb.  The majority of landing kinetic variables in this analysis did not reveal any 

differences between the two warm-ups, providing evidence to suggest that these measures 

(vGRF, loading rate, frontal plane hip moment, transverse plane knee moment), often associated 

with non-contact ACL injuries, are unaffected by additional static stretching to dynamic activity.  

Another key finding in this investigation was that the non-dominant (left) limb displayed higher 

injury risk kinetics during the jump-landings, which may have important injury implications 

given that female volleyball players in competition perform up to 3.5 times more left limb 

landings compared to the right limb (40). 

In partial support of the first hypothesis, a significant increase in peak knee adduction 

moment was measured shortly after completion of the CDS warm-up in the non-dominant (left) 

limb.  During non-dominant landings, the GRF displaced the knee joint into abduction (knee 

valgus), and a knee internal adduction moment attempts to resist this external valgus moment, 

potentially increasing strain on the ACL and surrounding structures.  In this investigation, the 

non-dominant limb demonstrated an approximately 38% increase in knee adduction moment 

shortly after the CDS warm-up, and researchers postulate that an increased adduction moment at 
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the knee is associated with a higher risk of ACL-type injury (17).  This kinetic pattern may have 

occurred shortly after the CDS warm-up due to inhibition of the surrounding musculature that 

prevents this movement, including the hip adductors, gluteal, hamstrings, and quadriceps 

muscles (34).   

The use of pre-exercise static stretching has been questioned and is believed to be 

detrimental for high rate of force development movements, partially attributed to increased 

muscle compliance (42).  In the present study, additional static stretching to a warm muscle from 

dynamic exercises may have allowed for further muscle compliance and place an athlete at risk 

for lower extremity injury.  The hamstrings, believed to provide a protective force against knee 

valgus and ACL strain (18), was statically stretched in two exercises (supine knee flex and 

hurdler’s stretch) for a total of 60 seconds, potentially increasing hamstring compliance and 

reducing the musculature’s energy absorbing capabilities (35).  The unilateral landings in the 

current study required subjects to absorb a high amount of energy (approx. 4 BWs) over a short 

duration, and static stretching of the muscles surrounding the knee joint may acutely inhibit their 

ability to protect the knee during landing activities.  In a recent systematic review of muscle 

stretching, Behm et al. (6) proposed a dose-response relationship in which ≥ 60 seconds of static 

stretching led to significant reductions in muscle performance, potentially attributed to stretched-

induced muscle damage and decreased efferent output.  Results of current study partially support 

this dose-response relationship as the non-dominant knee exhibited a decreased ability to safely 

support the external forces on the joint shortly after the CDS warm-up, however this effect 

returned to baseline during landing trials 15 minutes post CDS warm-up.  Similar results were 

obtained by Kruse et al. (25), as significant alterations in vertical jumping kinetics in female 

volleyball athletes were found 1 minute after the completion of static stretching, however these 
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effects were not found after 15 minutes, suggesting that the acute negative effects of static 

stretching on biomechanical parameters during a jump-landing task are only realized shortly after 

stretch completion.   

A reduction in vGRF may benefit an athlete in terms of lower extremity injury risk (7), 

and results from the current analysis determined a limb by time interaction, as dominant limb 

vGRF decreased from pre warm-up to 15 minute post warm-up.  These findings could be 

attributed to the repetitive performance of the volleyball-specific jump-landing task, better 

preparing the lower extremity musculature to attenuate the landing impact.  Preparatory sport-

specific activity may enhance injury resiliency, as soccer-specific movements that were 

implemented into a warm-up protocol (including cutting maneuvers and jump-landing exercises) 

were reported to significantly reduce lower extremity injury incidence during training or 

competition (19).  Improved muscular activity from these pre-activity practices may allow for 

more effective force attenuation, reducing stress on the surrounding ligamentous and skeletal 

structures during sporting movements.   

 Significant kinetic differences were found between the dominant and non-dominant limb 

during landings, and these findings did not support the second hypothesis.  In addition to knee 

adduction moment, the non-dominant limb exhibited a significantly higher external rotation 

moment, coinciding with greater dominant limb internal rotation moment, regardless of warm-up 

condition or time.  Along with knee valgus, excessive transverse plane motion is thought to be a 

part of the multiplanar loading mechanism that may increase the risk of ACL injury in female 

athletes (33).  Subjects in this study demonstrated a loading pattern (unilateral landing, knee 

valgus, increased knee rotation) on the non-dominant limb that was proposed by Quatman and 

Hewett (33) to be female-specific and may explain why female volleyball athletes injure the 
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ACL, specifically to the non-dominant left limb.  In this investigation, the non-dominant limb 

was classified as the supporting limb during a kicking maneuver, and researchers have concluded 

that females are more likely to injure the ACL on the support limb (11).  From anecdotal 

evidence and literature support, a right-handed female volleyball athlete (note: all subjects in this 

study were right-handed) performing an offensive maneuver will often land on the left limb.  In 

order to complete this landing (Figure 3), the athlete needed to laterally bend the trunk toward 

the non-dominant limb in order to reach the Vertec with the right hand.  Similar to a 

compensated Trendelenburg sign, trunk lean toward the landing limb will shift the body’s center 

of mass, potentially creating an increased valgus moment at the knee and leading to non-contact 

injury (32).  To prevent the knee from this valgus positioning, the internal knee joint structures 

produce an adduction moment.  A right-handed female volleyball athlete may perform this type 

of landing numerous times throughout training or competition (40), so consideration must be 

given to musculature strength and endurance of the hip abductors and hamstrings in the non-

dominant limb to minimize the risk of knee injury from altered trunk and hip mechanics (32).   

 

(Figure 3 about here) 

 

 Limitations of the current study must be noted when interpreting the observed results. 

Warm-ups failed to include sport-specific activities such as jump-landing exercises, as 

researchers speculate that sport-specific movements in a warm-up may improve subsequent 

movement mechanics (16).  Future studies should examine landing mechanics following a more 

specific volleyball warm-up protocol.  A second limitation is the one step approach used in the 

jump-landing analysis as opposed to a multi-step approach from various angles that may occur 
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during offensive maneuvers.  Future studies should analyze the biomechanical effects of warm-

up protocols on these jump-landings types.  Additionally, jump-landings that incorporate 

subsequent volleyball-specific movement sequencing should be investigated, as players must 

often perform lateral maneuvers immediately following a landing.   

 In conclusion, findings from the present study revealed that, following a CDS warm-up, 

female volleyball athletes performing unilateral landings displayed non-dominant frontal plane 

knee kinetics that may increase the risk of non-contact ACL injury compared to a DWU.  A 

reduction in vGRF during dominant limb landings was found from pre warm-up to 15 minutes 

post warm-up, lending support to include unilateral jump-landing exercises into a volleyball 

warm-up.  An additional finding was significant kinetic differences between limbs that 

potentially increase risk of injury to the study-defined non-dominant limb during jump-landings.  
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Practical Applications 
The results of the present study indicate that static stretching in addition to a DWU may increase 

the risk of knee injury.  It is recommended that coaches and strength and conditioning 

professionals incorporate a volleyball-specific DWU prior to training or competition to enhance 

performance and reduce lower extremity injury risk.  This warm-up should include jump-landing 

exercises to prepare a volleyball athlete for subsequent sport demands.  However, if static 

stretching were to be included into a warm-up procedure, athletes should be allowed a rest period 

before training or competition to minimize any consequential effects (24), as landing kinetic 

measures in this investigation were unaffected by static exercises 15 minutes post warm-up.  

Additional considerations must be given to limb dominance in female volleyball athletes, as the 

non-dominant limb may be at a higher risk of injury.  Training should emphasize single-limb 

landing technique, trunk / core stability, and posterior chain strengthening to reduce the risk of 

non-contact injury.   
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Figure Legends 
Figure 1.  Experimental procedure. 

Figure 2. Peak knee adduction moment for each landing condition.  Results are presented as 

mean ± SD. *Significant three way interaction (warm-up x limb x time, p = 0.01).  

Figure 3.  Non-dominant (A) and dominant (B) limb landings.  Note the GRF (blue vector) for 

the non-dominant limb landing is lateral to the knee joint center, resulting in an external knee 

abduction moment.   
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Figures and Tables 
Figure 1.  

 

 

  

Anthropometric measures and marker 
placement 

Static and ROM trials 

 

3 min self-paced jog 

 

Unilateral jump-landing task 

Obtain maximum CMJ height 

 

CDS (14 min) DWU (7 min) 

Unilateral jump-landing task (1 and 15 

min post warm-up)  
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Figure 2.  

 

* indicates significant 3-way interaction (warm-up x limb x time) 

DOM = dominant limb 

NDOM = non-dominant limb 

DWU = dynamic warm-up 

CDS = combined dynamic-static warm-up   

-1.2

-1.1

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

DOM DWU  DOM CDS  NDOM DWU  NDOM CDS

P
ea

k
 K

n
ee

 A
D

D
 M

o
m

en
t 

(N
·m

/k
g
)

Condition

Pre

1 Min Post

15 Min Post

* 



60 
 

Figure 3.   
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Table 1.  Descriptive statistics (mean, SD) for limb kinetics in each warm-up condition at pre 

warm-up, 1 minute post warm-up, and 15 minutes post warm-up. 

 Dominant limb Non-dominant limb 

DWU 
Pre 

1 min 

post 

15 min 

post 
Pre 

1 min 

post 

15 min 

post 

vGRF (BW)b 4.26 (0.67) 4.20 (0.68) 4.16 (0.80) 4.09 (0.49) 4.12 (0.66) 4.11 (0.63) 

Loading rate (BW/s) 
78.68 

(24.04) 

75.83 

(22.01) 

76.85 

(26.03) 

73.47 

(26.03) 

75.18 

(17.26) 

74.91 

(17.33) 

Peak hip ABD 

moment (N·m/kg)c 2.22 (0.59) 2.18 (0.63) 2.12 (0.54) 1.66 (0.43) 1.62 (0.46) 1.56 (0.37) 

Peak knee ABD 

moment (N·m/kg)c 
1.00 (0.39) 0.93 (0.33) 0.89 (0.28) 0.62 (0.38) 0.58 (0.29) 0.55 (0.30) 

Peak knee ADD 

moment (N·m/kg)a 
-0.23 (0.15) -0.31 (0.21) -0.34 (0.25) -0.53 (0.35) -0.59 (0.37) -0.62 (0.42) 

Peak knee ER 

moment (N·m/kg)c 
0.08 (0.07) 0.07 (0.06) 0.08 (0.08) 0.24 (0.12) 0.24 (0.13) 0.24 (0.14) 

Peak knee IR 

moment (N·m/kg)c,d 
-0.82 (0.15) -0.79 (0.18) -0.76 (0.18) -0.52 (0.24) -0.50 (0.20) -0.46 (0.19) 

CDS       

vGRF (BW)b 4.20 (0.62) 4.13 (0.69) 3.99 (0.57) 4.12 (0.48) 4.21 (0.60) 4.08 (0.51) 

Loading rate (BW/s) 
76.45 

(18.89) 

76.64 

(21.96) 

72.74 

(20.02) 

77.57 

(14.11) 

79.55 

(18.90) 

77.78 

(15.07) 

Peak hip ABD 

moment (N·m/kg)c 
2.11 (0.48) 2.15 (0.51) 2.12 (0.63) 1.48 (0.35) 1.46 (0.31) 1.42 (0.29) 

Peak knee ABD 

moment (N·m/kg)c 
1.01 (0.38) 0.99 (0.31) 0.99 (0.37) 0.58 (0.29) 0.47 (0.23) 0.50 (0.19) 

Peak knee ADD 

moment (N·m/kg)a 
-0.28 (0.15) -0.31 (0.16) -0.33 (0.19) -0.55 (0.24) -0.76 (0.29) -0.68 (0.29) 

Peak knee ER 

moment (N·m/kg)c 
0.09 (0.09) 0.08 (0.08) 0.09 (0.10) 0.28 (0.10) 0.31 (0.12) 0.30 (0.13) 

Peak knee IR 

moment (N·m/kg)c,d 
-0.81 (0.18) -0.79 (0.16) -0.78 (0.19) -0.45 (0.16) -0.41 (0.16) -0.40 (0.15) 

aIndicates significant interaction effect of warm-up by limb by time 
bIndicates significant interaction effect of limb by time 
cIndicates significant main effect of limb 
dIndicates significant main effect of time 

BW = body weight 

ABD = abduction 

ADD = adduction 

ER = external rotation 

IR = internal rotation 
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Chapter 4: Kinematic Results 
 

 

Descriptive values of each kinematic variable from the within-subject analyses are 

displayed in Table 2.  The ANOVA for hip initial contact flexion angle and peak internal rotation 

did not reveal any significant main or interaction effects.  A higher-order interaction (warm-up x 

limb x time) was observed for peak hip adduction angle [F(2,22) = 6.432; p = 0.006].  Non-

dominant hip adduction angle significantly decreased from pre CDS warm-up (8.27° ± 4.78) to 

15 minutes post CDS warm-up (6.46° ± 4.71), confirmed with a simple follow-up pairwise 

contrast [F(1,11) = 8.066; p = 0.016; d = 0.38].  Whereas, no differences in peak hip adduction 

angle were detected in the dominant limb or DWU condition.   

A main effect of time was detected for peak knee abduction, knee external rotation, and 

knee internal rotation angles.  Specifically, the knee demonstrated a reduction in abduction angle 

during pre-warm-up landings compared to 1 minute post warm-up [F(1,11) = 11.508; p = 0.006; 

d = 0.21] and 15 minutes post warm-up [F(1,11) = 41.873; p > 0.001; d = 0.29].  Examination of 

transverse knee kinematics revealed significantly less internal rotation angle during pre-warm-up 

landings versus 1 minute post warm-up [F(1,11) = 52.873; p > 0.001; d = 0.27] and 15 minutes 

post warm-up [F(1,11) = 11.572; p = 0.006; d = 0.22].  Peak knee external rotation angle was 

significantly greater during pre-warm-up landings compared to 1 minute post warm-up [F(1,11) 

= 17.386; p = 0.002; d = 0.27] and 15 minutes post warm-up [F(1,11) = 26.211; p < 0.001; d = 

0.31]. 

ANOVA results revealed a main effect of limb for peak knee abduction, knee external 

rotation, and knee internal rotation angles.  Non-dominant knee abduction angle during landings 

was significantly greater compared to the dominant limb [F(1,11) = 11.330; p = 0.006; d = 0.69].  
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The dominant limb demonstrated significantly greater external rotation compared to the non-

dominant limb [F(1,11) = 14.059; p = 0.003; d = 1.07], while non-dominant knee internal 

rotation was significantly greater during landings [F(1,11) = 12.660; p = 0.004; d = 0.88]. 

Results from kinetic parameters of interest indicated acute changes in frontal plane knee 

kinetics following the CDS warm-up compared to the DWU, along with main effects of limb on 

frontal and transverse plane hip and knee kinetics.  The reader is referred to Chapter 3 for further 

explanation.  
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Chapter 5: Kinematic Discussion 
 

 

The goal of the kinematic analysis in this study was to determine the effects of additional 

static stretching to a dynamic warm-up on landing kinematics in female volleyball athletes.  It 

was hypothesized that participants’ unilateral landings would be associated with higher risk 

biomechanical patterns following the CDS warm-up compared to the DWU and that no 

differences would be detected between the dominant and non-dominant limb.  Aside from peak 

hip adduction angle, no significant warm-up differences were detected for kinematic variables of 

interest, suggesting that landing kinematics are largely unaffected by additional static stretching 

to a DWU.  An additional observation from this analysis was that landing kinematics 

significantly differed between the dominant and non-dominant limb.  

Participants performing the CDS warm-up displayed a reduction in non-dominant peak 

hip adduction angle from pre warm-up to 15 minutes post warm-up, which did not support the 

first hypothesis.  Increased hip adduction during landings has been reported to be part of the 

multiplanar, non-contact ACL injury mechanism in females,98,159 therefore, it may be 

advantageous to land with less hip adduction to reduce the risk of knee injury.  The kinematic 

results are in contrast to kinetic analysis, in which non-dominant knee kinetics were associated 

with higher injury risk following the CDS warm-up.  These kinetic findings were demonstrated 

at 1 minute post CDS warm-up, whereas hip kinematic alterations were revealed 15 minutes post 

completion of the CDS protocol.  It is speculated that static stretching acutely reduced the force 

capabilities of the posterior musculature,137 potentially leading to the higher risk non-dominant 

knee kinetics.  Altered hip kinematics 15 minutes post CDS warm-up may be due to the 

potentiation (PAP) effects of the repeated jump-landing trials in the present study.  PAP has been 
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theorized to enhance the contractile response of muscle,145 which may have led to improved 

performance of the posterior musculature to reduce the amount of hip adduction in the non-

dominant limb.  It is recommended that sport-specific actions be utilized to obtain an improved 

PAP response84, however, the potential preconditioning stimulus of the jump-landing task to 

improve muscular output may not have been fully realized until a short recovery period.61  

Participants in the current study rested for approximately 5 minutes between the second and third 

jump-landing trials, an adequate time for potentiation effects.160   

 Peak knee abduction and external rotation angle increased from pre warm-up to 1 minute 

and 15 minutes post warm-up, and these movement patterns are often associated with an 

increased risk of ACL injury in female athletes.98  The main effect of time in this analysis may at 

least in part be attributed to the lack of jump-landing exercises in the warm-up protocols.  Sport-

specific warm-ups are believed to enhance an athlete’s resiliency to injury,56 therefore, it may be 

beneficial to incorporate jump-landings into a volleyball warm-up to replicate common 

movement patterns of the sport.  Additionally, researchers have reported significant reductions in 

GRFs following augmented feedback in female volleyball athletes,161 and these same practices 

can be applied into a warm-up procedure to minimize risky biomechanical landing patterns 

during practice or competition.  

 A main effect of limb revealed significantly greater knee abduction and internal rotation 

on the non-dominant limb, which did not support the second hypothesis.  Further analysis of the 

sagittal plane revealed that participants landed on the dominant and non-dominant limbs with 8-

12 degrees of initial contact knee flexion, approximately 10 degrees less knee flexion compared 

to female athletes who suffered an ACL injury.162  Additional consideration must be given to 

trunk mechanics that may further place the non-dominant limb at risk for injury.  Shown in 
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Figure 4, participants needed to laterally bend the trunk in order to complete the non-dominant 

landing, displacing the center of mass over this limb.  As the trunk shifts toward the non-

dominant limb, the GRF moves lateral to the knee joint center, increasing the amount of knee 

abduction and strain on the ACL.158  Overall non-dominant knee findings from the kinematic 

analysis demonstrated that female volleyball athletes landed with increased frontal and 

transverse plane motion, along with small flexion angles at initial ground interaction, landing 

patterns associated with a non-contact knee injury.98  Non-contact ACL injuries are likely 

multiplanar in nature,98 and athletes in the present study demonstrated non-dominant landing 

mechanics in all three planes of motion that subject the knee to high risk loading patterns.  

It is important to understand the definition of limb dominance as it pertains to the sport of 

volleyball.  All participants reported the right limb to be dominant (defined as the limb used to 

kick a ball), yet female volleyball athletes in competition perform a greater number of unilateral 

landings on their left limb.8  This pattern was also supported anecdotally by athletes indicating 

that they often implement a left step-right takeoff-left landing sequence when performing an 

offensive jump-landing maneuver.  A recent investigation into limb dominance and landing 

mechanics in female volleyball athletes concluded the dominant limb (right leg, defined as the 

limb that jumped furthest in a single-hop test) was at a greater injury risk.111  Differences in 

results from the present study may be due to the previous study’s jump-landing task, consisting 

of participants starting on a 30-cm box and landing on a force plate from multiple directions.111  

Participants in the current investigation displayed higher risk non-dominant limb kinematic 

patterns, however, it is acknowledged that this may not define the preferred landing limb in 

female volleyball athletes. It is recommended that future research continue to delineate limb 
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dominance and associated landing mechanics in female volleyball athletes to determine training 

methods to offset any associated injury risks in the dominant or non-dominant limb.  
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Chapter 6: Summary and Conclusions 
 

 

This study sought to determine the relationship between warm-ups and unilateral landing 

mechanics in female volleyball athletes.  Previous research has demonstrated that volleyball 

jumping performance (e.g. jump height and force production) is affected by warm-up type, 

however, the landing task following warm-up protocols had not been examined in the current 

literature.  Through various investigations, unilateral landings have been associated with higher 

injury risk biomechanics to the lower extremity, and this landing style is common for volleyball 

athletes.  Prior investigations have concluded that female volleyball athletes often perform a 

dynamic or combined dynamic-static warm-up prior to sporting activity.  To determine the 

biomechanical effects of these common warm-up practices, the current study examined 

kinematic and kinetic variables at the hip and knee during dominant and non-dominant landings, 

with the goal of determining the influence of different warm-up practices on the risk of non-

contact, lower extremity injury.  

The primary finding of the study was that performing a CDS warm-up may place female 

volleyball athletes at a heightened injury risk during non-dominant landings shortly after warm-

up completion.  Specifically, a greater knee adduction moment in these landings signifies the 

internal knee structures attempting to counteract an external abduction moment from ground 

interaction.  It is speculated that additional static stretching following dynamic activities is 

detrimental during landing activity.  Following the combined warm-up, muscle compliance may 

increase and thus inhibit force generating capabilities of the posterior musculature that prevent 

excessive frontal plane knee motion.  In contrast to kinetic findings, a reduction in non-dominant 

hip adduction angle was reported 15 minutes post CDS warm-up, signifying less injury risk once 
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a sufficient time period is allowed after static stretching.  It should be noted that other kinetic and 

kinematic variables of interest did not display warm-up effects, providing evidence to suggest 

that the majority of landing mechanics associated with non-contact ACL injuries are unaffected 

by additional static stretching to dynamic activity.  

Analysis of landing mechanics in the dominant versus non-dominant limb revealed the 

non-dominant limb to be at a higher risk of knee injury in female volleyball athletes.  The non-

dominant limb displayed an increase in knee external rotation moment, abduction angle, and 

internal rotation angle regardless of warm-up or time considerations.  Increased frontal and 

transverse plane motion is thought to contribute to the multiplanar loading mechanism of the 

ACL and lead to injury.  The landing pattern in the non-dominant limb may be attributed to 

altered trunk position, as participants needed to laterally flex the trunk toward this leg to 

complete the jump-landing task.  All participants in the present study were right-handed and thus 

more likely to complete an offensive landing maneuver on the non-dominant (left) limb, 

therefore, findings from the current study highlight the increased risk of lower extremity injury 

associated with this common volleyball task.  

It is acknowledged that limitations exist within this analysis.  Participants were asked to 

complete a planned, one step approach on the dominant and non-dominant limbs.  In volleyball, 

movement sequencing is based on a variety of factors including tactical planning and reaction to 

the opposition and ball position, and this study did not incorporate those factors into the analysis.  

A second limitation was the implementation of warm-up protocols that failed to include 

volleyball-specific movement patterns, specifically jump-landing exercises.  A warm-up period 

may be an appropriate time to incorporate sport-specific activity to replicate common movement 

patterns, potentially reducing injury risk.  A final limitation was the definition of limb 
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dominance, as participants were asked to define the dominant limb that would be used to kick a 

ball.  Limb dominance may be activity dependent and differences could exist between the study-

defined dominant limb and the volleyball athletes’ preferred landing limb.   

Future research into warm-up practices and landing mechanics in female volleyball 

athletes should examine the landing effects of warm-ups that include volleyball-specific jump-

landing exercises.  Future studies may also consider jump-landing tasks that include additional 

sport-specific sequencing to replicate movement patterns that are commonly seen during training 

or competition.  Volleyball athletes complete jump-landings from various angles and approach 

distances, followed by movement in multiple directions, therefore it may be useful to analyze 

these movements following the aforementioned warm-up protocols.  This information may 

provide practitioners with information regarding appropriate warm-up and jump-landing training 

protocols to minimize injury risk.   
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Tables and Figures 
 

Table 2.  Descriptive statistics (mean, SD) for limb kinematics in each warm-up condition at pre 

warm-up, 1 minute post warm-up, and 15 minutes post warm-up. 

 Dominant limb Non-dominant limb 

DWU 
Pre 

1 min 

post 

15 min 

post 
Pre 

1 min 

post 

15 min 

post 

Hip IC flexion 27.82 

(5.85) 

27.16 

(7.28) 

26.96 

(7.05) 

27.42 

(5.92) 

26.91 

(6.47) 

27.29 

(6.37) 

Peak hip ADDa 
10.82 

(3.60) 

10.98 

(2.85) 
9.96 (4.13) 7.44 (4.40) 7.62 (3.89) 7.62 (3.24) 

Peak hip IR 2.32 (6.89) 1.43 (6.77) 1.64 (7.30) 3.71 (5.73) 3.84 (6.82) 4.21 (7.13) 

Knee IC flexion 9.76 (4.07) 
10.34 

(4.49) 

10.32 

(4.44) 

10.05 

(3.16) 

10.27 

(2.46) 

10.36 

(2.85) 

Peak knee ABDb,c -5.05 

(3.47) 
-5.43 (3.66) -5.82 (3.98) -6.66 (4.31) -7.31 (4.48) -7.29 (4.33) 

Peak knee ERb,c -3.14 

(5.16) 
-1.71 (5.11) -1.31 (4.71) 2.60 (4.86) 4.28 (4.21) 4.64 (4.19) 

Peak knee IRb,c 10.11 

(5.03) 

11.74 

(4.42) 

11.00 

(4.06) 

15.40 

(7.27) 

17.36 

(7.38) 

16.74 

(7.56) 

CDS       

Hip IC flexion 30.21 

(7.28) 

29.85 

(7.62) 

30.51 

(7.33) 

30.01 

(6.62) 

29.49 

(7.17) 

29.29 

(7.38) 

Peak hip ADDa 8.82 (3.38) 9.68 (4.03) 9.04 (3.86) 8.27 (4.78) 7.92 (3.92) 6.46 (4.71) 

Peak hip IR 2.16 (2.50) 0.78 (2.48) 0.65 (3.16) 4.13 (6.35) 3.91 (6.72) 3.27 (6.17) 

Knee IC flexion 9.20 (4.95) 8.76 (4.76) 8.86 (4.85) 
11.49 

(3.69) 

11.62 

(4.10) 

11.11 

(4.21) 

Peak knee ABDb,c -5.03 

(2.92) 
-5.61 (2.65) -6.13 (2.88) -7.68 (2.85) -9.11 (2.83) -9.34 (3.21) 

Peak knee ERb,c -2.83 

(5.02) 
-2.24 (4.83) -1.86 (5.11) 0.81 (5.19) 3.08 (5.59) 2.57 (4.85) 

Peak knee IRb,c 9.10 (5.14) 
10.79 

(5.45) 

11.02 

(4.34) 

13.92 

(6.71) 

15.65 

(6.18) 

15.22 

(6.15) 
aIndicates significant interaction effect of warm-up by limb by time 
bIndicates significant main effect of limb 
cIndicates significant main effect of time 

ABD = abduction 

ADD = adduction 

ER = external rotation 

IR = internal rotation 

IC = initial contact 
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Table 3.  Univariate tests for kinetic measures.  

  Univariate Tests Measure F Sig. ES

Warm-up vGRF (BW) 0.292 0.600 0.026

Loading Rate (BW/s) 0.206 0.659 0.018

Peak hip ABD moment (N·m/kg) 2.222 0.164 0.168

Peak knee ABD moment (N·m/kg) 0.023 0.883 0.002

Peak knee ADD moment (N·m/kg) 1.26 0.286 0.103

Peak knee ER moment (N·m/kg) 4.686 0.053 0.299

Peak knee IR moment (N·m/kg) 2.049 0.180 0.157

Limb vGRF (BW) 0.12 0.736 0.011

Loading Rate (BW/s) 0.002 0.963 >0.00

Peak hip ABD moment (N·m/kg) 25.33 0.000 0.697

Peak knee ABD moment (N·m/kg) 23.848 0.000 0.684

Peak knee ADD moment (N·m/kg) 25.272 0.000 0.697

Peak knee ER moment (N·m/kg) 95.143 0.000 0.896

Peak knee IR moment (N·m/kg) 57.907 0.000 0.840

Time vGRF (BW) 1.303 0.292 0.106

Loading Rate (BW/s) 0.296 0.747 0.026

Peak hip ABD moment (N·m/kg) 1.321 0.287 0.107

Peak knee ABD moment (N·m/kg) 3.188 0.061 0.225

Peak knee ADD moment (N·m/kg) 9.398 0.001 0.461

Peak knee ER moment (N·m/kg) 0.072 0.931 0.006

Peak knee IR moment (N·m/kg) 9.213 0.001 0.456

Warm-up * Limb vGRF (BW) 1.63 0.228 0.129

Loading Rate (BW/s) 2.425 0.148 0.181

Peak hip ABD moment (N·m/kg) 1.141 0.308 0.094

Peak knee ABD moment (N·m/kg) 3.815 0.077 0.258

Peak knee ADD moment (N·m/kg) 1.307 0.277 0.106

Peak knee ER moment (N·m/kg) 0.936 0.354 0.078

Peak knee IR moment (N·m/kg) 1.993 0.186 0.153

Warm-up * Time vGRF (BW) 1.442 0.258 0.116

Loading Rate (BW/s) 1.027 0.375 0.085

Peak hip ABD moment (N·m/kg) 0.665 0.524 0.057

Peak knee ABD moment (N·m/kg) 0.839 0.445 0.071

Peak knee ADD moment (N·m/kg) 1.244 0.308 0.102

Peak knee ER moment (N·m/kg) 0.366 0.698 0.032

Peak knee IR moment (N·m/kg) 0.635 0.539 0.055

Limb * Time vGRF (BW) 3.618 0.044 0.247

Loading Rate (BW/s) 1.618 0.221 0.128

Peak hip ABD moment (N·m/kg) 0.296 0.747 0.026

Peak knee ABD moment (N·m/kg) 0.293 0.749 0.026

Peak knee ADD moment (N·m/kg) 2.376 0.116 0.178

Peak knee ER moment (N·m/kg) 2.287 0.125 0.172

Peak knee IR moment (N·m/kg) 0.073 0.929 0.007

Warm-up * Limb * Time vGRF (BW) 0.119 0.888 0.011

Loading Rate (BW/s) 0.372 0.693 0.033

Peak hip ABD moment (N·m/kg) 0.301 0.743 0.027

Peak knee ABD moment (N·m/kg) 1.713 0.204 0.135

Peak knee ADD moment (N·m/kg) 5.717 0.010 0.342

Peak knee ER moment (N·m/kg) 0.491 0.619 0.043

Peak knee IR moment (N·m/kg) 0.069 0.934 0.006

Computed using alpha = .05

BW = body weight

ABD = abduction

ADD = adduction

ER = external rotation

IR = internal rotation

ES = effect size (Partial Eta Squared)
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Table 4.  Univariate tests for kinematic measures. 

   
Univariate Tests Measure F Sig. ES

Warm-up Hip IC flexion 1.086 0.320 0.090

Peak hip ADD 1.628 0.228 0.129

Peak hip IR 0.092 0.767 0.008

Knee IC flexion 0 0.988 >0.00

Peak knee ABD 0.655 0.436 0.056

Peak knee IR 0.925 0.357 0.078

Peak knee ER 2.036 0.181 0.156

Limb Hip IC flexion 0.145 0.711 0.013

Peak hip ADD 3.377 0.093 0.235

Peak hip IR 1.281 0.282 0.104

Knee IC flexion 2.147 0.171 0.163

Peak knee ABD 11.33 0.006 0.507

Peak knee IR 12.66 0.004 0.535

Peak knee ER 14.059 0.003 0.561

Time Hip IC flexion 0.855 0.439 0.072

Peak hip ADD 1.991 0.160 0.153

Peak hip IR 3.016 0.070 0.215

Knee IC flexion 0.194 0.825 0.017

Peak knee ABD 15.179 0.000 0.580

Peak knee IR 19.027 0.000 0.634

Peak knee ER 16.749 0.000 0.604

Warm-up * Limb Hip IC flexion 0.138 0.717 0.012

Peak hip ADD 0.621 0.447 0.053

Peak hip IR 0.033 0.859 0.003

Knee IC flexion 3.456 0.090 0.239

Peak knee ABD 3.175 0.102 0.224

Peak knee IR 0.507 0.491 0.044

Peak knee ER 1.132 0.310 0.093

Warm-up * Time Hip IC flexion 0.106 0.900 0.010

Peak hip ADD 0.463 0.636 0.040

Peak hip IR 2.215 0.133 0.168

Knee IC flexion 2.972 0.072 0.213

Peak knee ABD 1.258 0.304 0.103

Peak knee IR 1.344 0.281 0.109

Peak knee ER 0.72 0.498 0.061

Limb * Time Hip IC flexion 0.04 0.961 0.004

Peak hip ADD 0.515 0.604 0.045

Peak hip IR 2.012 0.158 0.155

Knee IC flexion 0.101 0.905 0.009

Peak knee ABD 0.949 0.402 0.079

Peak knee IR 0.25 0.781 0.022

Peak knee ER 1.643 0.216 0.130

Warm-up * Limb * Time Hip IC flexion 1.477 0.250 0.118

Peak hip ADD 6.432 0.006 0.369

Peak hip IR 0.579 0.569 0.050

Knee IC flexion 0.348 0.710 0.031

Peak knee ABD 0.566 0.576 0.049

Peak knee IR 0.532 0.595 0.046

Peak knee ER 0.756 0.481 0.064

Computed using alpha = .05

ABD = abduction

ADD = adduction

ER = external rotation

IR = internal rotation

IC = initial contact

ES = effect size (Partial Eta Squared)
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Figure 4.  Dominant (A) and non-dominant (B) limb landings. 

  

A B 
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Figure 5.  Peak hip adduction angle for each landing condition.  Results are presented as mean ± 

SD. *Significant three way interaction (warm-up x limb x time, p = 0.01).  

 

* indicates significant 3-way interaction (warm-up x limb x time) 

DOM = dominant limb 

NDOM = non-dominant limb 

DWU = dynamic warm-up 

CDS = combined dynamic-static warm-up  
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Appendices   
Appendix A: Informed consent form 

 

Informed Consent 

“Biomechanical Analysis of Unilateral Landings in Male and Female Volleyball Players 

after a Dynamic and Combined Dynamic-Static Warm-Up” 

IRB Approval #1063462-1 

Who is conducting the study?  

This is a scientific research study conducted by Jason Avedesian, a graduate assistant in the biomechanics 

program at Ball State University under the advisement of Dr. Clark Dickin.  

 

What is the purpose of this study? 

The purpose of this study is to determine whether the addition of static stretching to a dynamic warm-up 

affects the landing mechanics of the lower extremity during volleyball-specific dominant and non-

dominant unilateral landing tasks in male and female volleyball players. 

 

What criteria must be met for me to participate in this study? 

 Males and females between the ages of 18-30. 

 Female: Current club volleyball athlete or higher OR have previous experience in volleyball and 

are recreationally active 2-3 days per week for 30 minutes each day. 

 Male: Current club volleyball athlete or NCAA Division 1 volleyball athlete.  

 No history of any knee injury that would currently impair or limit the ability to complete the 

required tasks, any physiological or neurological condition impairing the ability to complete the 

required tasks, or any history of undergoing a knee reconstruction procedure. 

 

Where is the study going to take place and how long will it last? 

The study will take place in the Ball State University Biomechanics Laboratory, HP 311.  Your 

participation in the study will consist of two visits to the Biomechanics Laboratory that will take 

approximately 120 minutes. 

 

What will I be asked to do? 

You will be informed of the protocol and asked to read and sign the Informed Consent document.  You 

will also be asked to fill out a Health History Questionnaire reporting things such as any known disease 

and any medications you are currently taking as well as information about your history in sports and 

current activity level.  

During the session, you will be asked to wear provided shoes, shorts, and shirt.  Measurements of your 

height, weight, and lengths of lower extremity segments will be taken.  Ten passive surface electrodes 

will be attached to each lower limb to monitor muscle activity during testing.  Individual reflective 

markers will be attached to various anatomical landmarks on the body (ex: shoulder joint, ankle, mid-

thigh).  Following electrode and marker placement, you will complete a 3 minute warm-up at a self-
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selected walk of at a minimum of 6.0 km/hr.  After the aerobic activity, your maximum vertical jump 

height will be measured using a Vertec jump system.  You will then be asked to perform 5 jumps using a 

unilateral landing on both your dominant and non-dominant legs.  You will jump at least 80% of your 

max vertical height each time.  You will receive 30 seconds of rest in between each trial.  Following the 

first set of jump trials, you will perform a dynamic or combined dynamic-static warm-up.  After the 

warm-up, you will repeat the jump trials at 1 and 15 minutes post warm-up.  Once the jumping trials have 

been completed, you will be asked to sit in a chair attached to the Cybex Dynamometer and give a 

maximum effort as you flex and extend your dominant and non-dominant knee three times each.  You 

will then be asked to perform three maximal contractions of your dominant and non-dominant abductor 

hip muscle using a manual muscle strength test.  This procedure will be repeated for the second test 

session. 

 

What are the possible risks and discomforts? 

As a participant in this study there are some potential minor discomforts such as muscular fatigue and 

soreness toward the end of the test session, or on the following day.  It is expected that this soreness will 

lessen and disappear over the next few days.  Additionally, as in any sport or exercise, there is a small 

possibility that you could sprain a ligament, strain a muscle, or experience other mild, moderate, or severe 

injuries.  However, you will perform pre-exercise warm-ups prior to the testing protocol to minimize 

potential muscle soreness. Additionally, you will be allowed to practice all procedures with submaximal 

efforts to further minimize potential discomfort. Rest periods will be given between trials to offset the 

effects of fatigue.  

 

Do I have to take part in this study and will I benefit from it? 

Your participation in this study is voluntary.  You are free to withdraw from the study at any time for any 

reason without penalty or prejudice from any member of the research team.  Your participation in this 

study will not affect your current status on your team.  The results from your participation in this study 

have the potential to benefit society in terms of determining a warm-up protocol that will help reduce 

injuries in the lower extremity during jump-landing maneuvers.  Please feel free to ask questions to 

clarify any of this form before signing it.   

 

Who will see the information that I give? 

The data collected during this study will remain confidential and you will not be identified in any way in 

subsequent publication or presentation of this research.  Only members of the research team will have 

access to the data.  All written records will be stored in a locked file cabinet in a locked room.  All 

electronic data will be stored on a password protected computer and retained indefinitely.  Data will be 

used to publish and present study findings, as well as for use in future grants and to allow for comparisons 

to be made by other studies.  By signing this form, however, you allow the research investigators to make 

your record available to the Office of Research Integrity at Ball State University and regulatory agencies 

as required by law.  

 

What happens if I get hurt or sick during the study? 

It is understood that in the unlikely event of an injury or illness of any kind as a result of your 

participation in this research project that Ball State University, its agents and employees, will assume 

whatever responsibility is required by law.  In the event that you should require it, emergency care will be 
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provided to you at your expense.  If any injury or illness occurs in the course of your participation in this 

research project, please notify Jason Avedesian or the Biomechanics Laboratory at (765) 285-5178. 

Further questions can be addressed to Dr. Clark Dickin. 

 

 

What if I have questions? 

If you have any questions concerning your involvement in this study, you may contact Jason Avedesian 

or the Biomechanics Laboratory at (765) 283-5178 at any time. 

 

 

 

Consent 

I, ___________________________________, agree to participate in this study, “Biomechanical Analysis 

of Unilateral Landings in Male and Female Volleyball Players after a Dynamic and Combined Static-

Dynamic Warm-Up”.  I have had the study explained to me and my questions have been answered to my 

satisfaction.  I have read the description and gave my consent to participate.  I understand that I can 

withdraw my consent at any time during the study if I feel uncomfortable.  I understand that I will receive 

a copy of this informed consent form for my own reference.  I understand that my participation in this 

study depends on my age and activity level and that I may not be selected if I do not meet the necessary 

criteria.  To the best of my knowledge, I meet the inclusion criteria for participation in this study. 

 

Participant Signature  Date 

__________________________________________ 

Participant Name Printed 

_________________________________________ 

Signature of Investigator 

________________________________________ 

 

Principal Investigator    Advisor   

Jason Avedesian     Dr. Clark Dickin 

Graduate Assistant     Director / Associate Professor  

Biomechanics Laboratory    Biomechanics Laboratory 

Ball State University     Ball State University 

Muncie, IN 47306     Muncie, IN 47306 

Telephone: (765) 285-5178    Telephone: (765) 285-5126 

Email: jmavedesian@bsu.edu    Email: dcdickin@bsu.edu 

 

For questions about your rights as a 

research subject, please contact: 

Office of Research Integrity 

Ball State University 

Muncie, IN 47306 

(765) 285-5070 

E-mail: irb@bsu.edu 
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Appendix B: Health history questionnaire  
 

IRB #1063462-1 

Health/Activity Information 

Biomechanics Laboratory - Ball State University 

 
Subject ID  _________________  

Gender:   Male ____  Female ____  

Age: _______ 

Emergency contact: ____________________________________ Phone #_____________________  

Name of your physician _________________________________ Phone # ____________________  

 

1. Do you have any health conditions that limit you in performing physical activity? Y / N 

If YES, please explain: 

_________________________________________________________________________

_________________________________________________________________________

_________________________________________________________________________ 

2. Have you ever had any kind of knee ligament injury to any degree? Y / N 

If YES, please explain: 

_________________________________________________________________________________

_________________________________________________________________________________

_________________________________________________________________________________ 

 

3. Do you currently have any type of lower extremity injury or pain? Y / N 

If YES, please explain: 

_________________________________________________________________________________

_________________________________________________________________________________

_________________________________________________________________________________

_________________________________________________________________________________ 

 

4. Have you ever been diagnosed as having any of the following conditions? Y / N 

If YES, please explain:  

Joint replacement ____________________________________________________________  

Uncorrected visual problems ___________________________________________________  

Other health problem? ________________________________________________________  

 

5. Do you currently suffer any of the following symptoms in your legs or feet?  

Numbness ____   Tingling ____   Arthritis ____   Swelling ____  

 

6.  Do you currently have any medical conditions for which you see a physician regularly? Y / N 

If YES, please describe the condition(s): 
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 ________________________________________________________________________________  

_________________________________________________________________________________ 

7. Have you required emergency medical care or hospitalization in the last three years? Y / N 

If YES, please list when this occurred and briefly explain why. ______________________________ 

_________________________________________________________________________________  

 

8. How would you describe your health?  

____ Excellent  ____ Very good  ____ Good  ____ Fair  ____ Poor  

 

9. Approximately how long has it been since your last meal? ___________  

 

Physical Activity / Pre-Activity Practices  

1. What sports have you participated in that involve jumping?____________________________  

 

2. How many years have you participated in these sports? _________________ 

 

3. What is the highest level of participation in these sports? ________________ 

 

4. How many days per week do you exercise/train?  

One ___      Two ___      Three ___      Four ___      Five ___      Six ___      Seven ___  

 

5. How many minutes, on average, do you exercise/train per day? ____________________ 

 

6. At what intensity do you usually exercise/train (light, moderate, heavy)? _______________ 

 

7. How long have you been exercising/training regularly? _______________ 

 

8. When did you last exercise/train (i.e. weight lifting, running, plyometrics, CrossFit, sport-

specific activity)? ________________________ 

 
9. Do you do any type of ‘general’ warm-up prior to the very beginning of practices / 

competitions?  

 a. Yes 

 b. No 

 

10. If yes, which of the following best describes your ‘general’ routine (warm-up) prior to 

practice / competition?  

a. Walking 

 b. Jogging 

 c. Skipping, form running 

 d. Sport-specific drills: running routes, backpedal drills, etc. 

 e. Low intensity athletics  
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 f. Exercise Bike / Elliptical Machine 

 g. Other_______________please list 

11. If yes, approximately how long does the ‘general’ warm-up take? 

a. Less than 5 minutes 

b. 5-10 minutes 

 c. 10-15 minutes 

 d. Longer than 15 minutes 

 

12. How often would you say you complete the ‘general’ warm-up routine?  

 a. less than 25% of the time 

 b. 25-50% of the time 

 c. 50-75% of the time 

 d. more than 75% of the time 

 

13. Do you do any type of stretching prior to the very beginning of practices / competitions?  

 a. Yes 

 b. No 

 

14. If yes, which of the following best describes your pre-practice/competition stretching? 

a. Static stretching 

b. Ballistic stretching 

c. PNF stretching 

d. Dynamic stretching 

e. Combination of  _______________please list 

f. Other _________________please list 

 

18. If yes, approximately how long does the stretching usually take? 

a. Less than 5 minutes 

b. 5-10 minutes 

 c. 10-15 minutes 

 d. Longer than 15 minutes 

 

19. How often would you say you complete the full pre-activity stretching routine?  

 a. less than 25% of the time 

 b. 25-50% of the time 

 c. 50-75% of the time 

 d. more than 75% of the time 
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Appendix C: Informed consent form 

 

Jason Avedesian - Data Collection Sheet 

Subject Information 

ID Number: __________ 

Age: ________________ 

Gender: ______________ 

Shoe size: ________ 

Shirt / short size: ______ 

 

Maximum vertical jump height (in): ______ 

 

80% of max VJ (in): _________ 

 

Anthropometric Data 

 Bodymass (kg): _______________ 

 Height (mm): _________________ 

 Inter ASIS distance (mm): __________________ 

 Leg length (mm):    left_________    right_________ 

 Knee width (mm):   left_________    right_________ 

 Ankle width (mm):  left_________    right_________ 

DOM limb: ______________ 

 

Unilateral Landings 

Pre Warm-Up: DOM 

Trial 1:  ____ Trial 2: ____ Trial 3: ____ Trial 4: ____ Trial 5: _____ Trial 6: ____ 

Trial 7:  ____ Trial 8: ____ Trial 9: ____ Trial 10: ____ Trial 11: _____ Trial 12: _____ 

 

Pre Warm-Up: NON-DOM 

Trial 1:  ____ Trial 2: ____ Trial 3: ____ Trial 4: ____ Trial 5: _____ Trial 6: ____ 

Trial 7:  ____ Trial 8: ____ Trial 9: ____ Trial 10: ____ Trial 11: _____ Trial 12: _____ 

 

1 min Post Warm-Up: DOM 

Trial 1:  ____ Trial 2: ____ Trial 3: ____ Trial 4: ____ Trial 5: _____ Trial 6: ____ 

Trial 7:  ____ Trial 8: ____ Trial 9: ____ Trial 10: ____ Trial 11: _____ Trial 12: _____ 

 

1 min Post Warm-Up: NON-DOM 

Trial 1:  ____ Trial 2: ____ Trial 3: ____ Trial 4: ____ Trial 5: _____ Trial 6: ____ 

Trial 7:  ____ Trial 8: ____ Trial 9: ____ Trial 10: ____ Trial 11: _____ Trial 12: _____ 
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15 min Post Warm-Up: DOM 

Trial 1:  ____ Trial 2: ____ Trial 3: ____ Trial 4: ____ Trial 5: _____ Trial 6: ____ 

Trial 7:  ____ Trial 8: ____ Trial 9: ____ Trial 10: ____ Trial 11: _____ Trial 12: _____ 

 

15 min Post Warm-Up: NON-DOM 

Trial 1:  ____ Trial 2: ____ Trial 3: ____ Trial 4: ____ Trial 5: _____ Trial 6: ____ 

Trial 7:  ____ Trial 8: ____ Trial 9: ____ Trial 10: ____ Trial 11: _____ Trial 12: _____ 

 

MVIC knee extension (DOM): ___________  

MVIC knee extension (NON-DOM): ___________ 

MVIC knee flexion (DOM): ___________  

MVIC knee flexion (NON-DOM): ___________                    

MVIC glute medius (DOM): ______     ______     ______ 

MVIC glute medius (NON-DOM): ______     ______     ______ 

 

Notes: _______________________________________________________________________ 

_____________________________________________________________________________ 

 


