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Abstract 
 

 Women have a four to eight times higher risk of injuring their anterior cruciate ligament 

(ACL) compared to men. It is most commonly injured by a non-contact mechanism, such as 

jumping, decelerating, or cutting manoeuvres, in a game time situation. The main function of 

the gluteus medius (GMed) muscle is to abduct and externally rotate the thigh. A less active 

GMed may not be able to control the internal rotation of the thigh during a jumping manouver, 

causing an increase in the knee joint abduction angle. The increase of knee abduction angle has 

been shown to augment the risk of ACL injury (Hewett et al., 2005). The purpose of this study 

was to determine the difference between sexes in muscle activation of the dominant lower 

limb, specifically the gluteus medius, and the effect on the 3D kinematics and kinetics of the 

lower-limb during drop jump landings from three heights. This study looked at 3D kinematics, 

kinetics, and muscle activation of 12 male and 12 female soccer and volleyball athletes while 

performing trials of two-legged drop jump tests from three heights; maximum vertical jump 

height, tibial length, and a commonly used height of 40cm. Results showed that, overall, females 

had greater hip adduction and knee abduction angles compared to male athletes. The gluteus 

medius muscle showed no significant difference between genders at each drop jump height. 

 



Introduction 

 In sport participation, muscles, tendons, and ligaments are most commonly injured, 

with the knee being extremely vulnerable having a high risk of anterior cruciate ligament (ACL) 

injury (Arendt & Dick, 1995). Specifically, females are four to eight times more likely to injure 

their ACL compared to males (Arendt & Dick, 1995; Hewett et al, 1999; Pollard et al, 2007). 

Although these injuries are not normally life threatening, they can lead to physical, emotional, 

and financial life-long consequences (Hewett et al, 1999). Therefore, it is important to try and 

prevent these injuries by studying different strategies and ways to limit the risk of injury in 

sporting activities. There are many speculations as to factors that contribute to the difference in 

injury incidence between genders, however no reason is completely understood, and more 

research is needed to identify the gender differences that affect sport performance and risk of 

injury. 

 Studies have been done from many perspectives to determine the constant factors that 

lead to a higher risk of ACL injuries (Hewett et al., 2005; Malinzak et al., 2001; Wojtys et al., 

2002). Over the years, there have remained four groups of intrinsic factors that are of interest – 

anatomical, hormonal, neuromuscular, and biomechanical factors (Hewett et al, 2006). It has 

also been determined that the most common way to injure the ACL is through a non-contact 

mechanism, which accounts for approximately 70% of all ACL injuries, and includes decelerating 

maneuvers such as landing from a jump or cutting tasks. (Agel et al, 2005; Arendt & Dick, 1995; 

Boden et al., 2000; Decker et al., 2003; Hewett et al., 2006; Myklebust et al., 1998; Noyes et al., 

1983). Furthermore, once an athlete’s ACL has been torn, they have a 20% higher risk of 

suffering a secondary meniscal tear, as well as developing knee degenerative changes 

(Papadonikolakis et al., 2003). Females have also been shown to have a greater risk of increased 
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knee laxity and graft rupture after surgical ACL reconstruction, and generally have less 

successful outcomes than their male counterparts (Wolman, 2009).  

 Gender differences have shown that women have greater hip adduction during sporting 

maneuvers, which leads to a higher knee abduction and greater loading on the ACL (Decker et 

al., 2003; Hewett et al., 2006). The gluteus medius (GMed) muscle has been determined as the 

primary hip abductor and pelvic stabilizer (Kendall et al., 1993), however, since women have 

demonstrated a greater hip adduction when compared to men during a variety of maneuvers, 

less activity in the GMed muscle may lead to a decrease in neuromuscular control when 

participating in physical activity and sport.   

 The drop jump is a common tool used to analyze landing, since drop jumping has the 

ability to maximally create eccentric loading on the lower extremity (Ortiz et al., 2008). In ACL 

reasearch, the drop jump task is a common way to study gender differences (Carcia & Martin, 

2007; Russell, et al., 2006; Zazulak, et al., 2005). However, studies have used a variety of 

`standard` drop heights, with no explanation as to why the specific height was chosen. 

 

Significance 

 Physical activity and sport have been accepted as a way to create a healthy lifestyle, 

outweighing the risks of injury that may accompany these activities. However, some injuries, 

such as ACL injuries, have the potential to leave lasting negative effects, including reconstructive 

surgery, strenuous rehabilitation, high financial costs, and the risk of never regaining complete 

functionality, ending sport activities and making everyday tasks more difficult. An ACL injury also 

has no guarantee that treatment will be successful or that complications or further injuries will 

not be experienced. Therefore, it is important to prevent this injury all together. This study is a 

valued addition to literature since it focused on the effect of the gluteus medius muscle activity 



   3

on lower limb biomechanics between sexes using intramuscular electrodes to detect gluteus 

medius muscle activity during landing tasks. Along with other research on different factors 

influencing the risk of ACL injury, this current study will further determine the differences 

between men and women that may lead to a greater risk in ACL injury. Also, there is limited 

literature that compares the effect of drop jump height on kinematics and kinetics between 

genders and there is no specific height that is recommended for studying these variables. This 

study looked at lower limb kinematics, kinetics, and muscle activity from different drop heights, 

to determined if height has an effect on biomechanical measures for injury prevention between 

genders. 

Objectives 

 This study focused specifically on the effect of gluteus medius muscle activation 

patterns on lower limb three-dimensional kinematics and kinetics between male and female 

sports players performing manouvers that lead to a higher risk of ACL injury. The relationship 

between gluteus medius activation using intramuscular electrodes and lower limb 3D kinematics 

and kinetics during three drop jump tests were assessed and compared between sexes. Studying 

drop jumps is believed to provide a general indicator of an athlete’s ability to control lower limb 

kinematics and kinetics, mainly in the coronal plane (Noyes et al., 2005). A secondary objective 

consisted of assessing the effect of drop jump height on lower limb biomechanics to determine 

if there was a better height to study landing patterns from between sexes. 

 

Hypothesis 

  It was hypothesized that women would show a different peak magnitude of gluteus 

medius muscle activity compared to men during the three drop jump test heights. Also it was 

hypothesized that there would be a negative linear relationship between peak gluteus medius 
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magnitude and peak angular displacement of knee abduction. Hip adduction angular 

displacement has been shown to increase similarly to peak angular displacement of the knee 

(Landry et al., 2007). With regards to effect of drop jump heights, it was hypothesized that 

kinematics and kinetics from higher drop jumps would be significantly different from drop jumps 

at lower height. Also, as drop jump height increased, sagittal plane kinematics and muscle 

activity would increase to help the body absorb the larger ground reaction force. Lastly, a 

greater difference between male and female kinematics and kinetics would be seen at higher 

drop jump heights due to female athletes’ possible lack of experience landing from these 

heights. 
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Review of Literature 

 
 A large number of sport injuries occur at the knee, particularly the anterior cruciate 

ligament (ACL), in both males and females (Arendt & Dick, 2005). The majority of ACL injuries 

occur in a game/competitive setting during non-contact mechanisms including jumping or 

cutting tasks (Agel et al., 2005; Arendt & Dick, 1995; Boden et al., 2000; Ferretti, et al., 1992; 

Hewett et al., 2006; Myklebust et al., 1998; Zelisko et al., 1982). Compared to the posterior 

cruciate ligament, the ACL is slightly weaker and originates from the intercondylar area of the 

tibia. It extends superiorly, posteriorly, and laterally connecting to the posterior part of the 

medial side of the lateral condyle of the femur. The ACL limits anterior translation of the tibia 

and hyperextension of the knee joint, as well as it limits medial rotation of the femur when the 

foot is on the ground, and the leg is flexed (Moore & Dalley, 2006, pg. 690). 

  

The Mechanisms and Incidence of ACL Injuries 

 Women are four to eight times more likely to injury their ACL compared to men (Arendt 

& Dick, 1995; Ferretti et al., 1992, Hewett et al., 1999; Hollman et al., 2003; Zelisko et al., 1982). 

This has been determined through a number of studies that compare incident rates relative to 

player exposure, game play versus practice play, level of play, and a number of other conditions. 

The first study to compare sport injuries between sexes where playing conditions, rules, and 

physical conditioning were said to be very similar was done in 1982 by Zelisko et al. Although 

these three conditions were similar, player exposure, number of games versus practices, and 

length of season differed between males and females. Females had a much shorter season with 

less game time and more practice time compared to males (Zelisko et al., 1982). However, 

through this study it can be concluded that a gender difference does exist in regards to injury 

incidence. The study was conducted over two seasons in two professional basketball teams, one 
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male and one female team. Results showed that females obtained 60% more injuries compared 

to males with the ankle being the most frequently injured. Knee and thigh injuries also occurred 

more frequently in females (16%) compared to males (12%) (Zelisko et al., 1982). 

 A study by Ferretti et al. (1992) explored anterior cruciate ligament injuries in volleyball 

for a decade, starting in 1979. Results showed that 52 volleyball players were surgically treated 

for ACL injuries, 42 of these players being female, however player exposure was not taken into 

account. This study also concluded that there was a higher injury incidence during game time 

situations, where 32 injuries occurred, compared to practice where 20 injuries were sustained, 

even though practice exposure was almost 4 times as much as game exposure (Ferretti et al., 

1992). It was suggested that this may be due to maximal effort put into games compared to 

practice or player’s time at risk is greater during games. Ferretti et al. (1992) also concluded that 

the major mechanism for ACL injury during volleyball occurred during jumping, where 48 out of 

52 injuries were sustained with this mechanism. Therefore, non-contact injury mechanisms 

during game time situations leads to a higher risk of ACL injury. 

 In 2000, Boden et al. identified that the majority of ACL injuries occurred through a non-

contact mechanism. This study was conducted using a questionnaire, which identified the 

mechanism of injury. The results showed that 72% of the ACL injuries occurred during 

deceleration and landing manoeuvres (Boden et al., 2000). These results, however, did not take 

into account gender difference and relied on participants recall ability to describe the 

mechanism of their injury. 

 A few years later, a magnetic resonance imaging study was conducted where it looked 

at females and males with a torn ACL to determine if there was a difference in tear patterns 

between genders (Fayad et al., 2003). Proximal injuries to the ACL were most common, where 



   7

78% of ACL tears were sustained through a non-contact mechanism, which frequently results in 

a proximal injury (Fayad et al., 2003). 

 ACL injury incidence was studied using the NCAA injury report database over a five year 

period. Female soccer athletes had an ACL injury rate at least two times higher compared to 

male soccer athletes, while female basketball players had an ACL injury rate at least three times 

greater than male basketball athletes (Arendt & Dick, 1995). This study further identified that 

male and female athletes had a nine times greater incidence of ACL injuries during a soccer 

game and a three times greater injury rate for basketball games, compared to practice sessions 

(Arendt & Dick, 1995). 

 Ten years later, a follow-up study was published using the NCAA basketball and soccer 

ACL injury incidence data, evaluating reports over 13 years to determine if changes had 

occurred over time (Agel et al., 2005). Results showed that male athletes averaged 58% non-

contact ACL injuries, while female athletes averaged 67% non-contact ACL injuries over the 13-

year period. However a large percentage of this sample had no known mechanism of injury. As 

for injury rates between genders, female athletes had significantly higher rates of ACL injuries 

compared to males (Agel et al., 2005), which reflected conclusions drawn from Arendt & Dick 

(1995). ACL injury incidence was also noted to be higher in both male and female soccer players, 

compared to basketball players, as well as soccer athletes consistently sustained more ACL 

injuries than basketball players when comparing genders (Agel et al., 2005). Agel et al. (2005) 

concluded that there had been no significant change in injury incidence or nature of the injury 

over the 13 years of study within the sample. However, training effects and fitness of these 

athletes was not taken into account, therefore may have had an affect on levels of ACL injury 

incidence. 
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 Over the years, literature has shown that women are much more susceptible to ACL 

injuries compared to males and the most common mechanism of injury is a non-contact 

mechanism, during game situations, compared to practice, in a variety of sports that include 

deceleration and landing manoeuvres. The factors leading to the cause of this injury in both 

males and females is still unknown, however as research furthers, it may lead to a line of attack 

to help prevent ACL injuries. 

 

Possible Factors Affecting ACL Injuries 

 There are many factors that are hypothesized to increase the risk of ACL injuries. These 

factors are categorized into intrinsic factors, which occur within the body, and extrinsic factors, 

which occur outside the body. Literature has agreed that it is most likely a combination of these 

factors that lead to a greater risk of non-contact ACL injuries in sports involving deceleration 

manoeuvres, such as cutting and landing from a jump. Although the specific factors that cause 

non-contact ACL injuries have not been agreed on, steps have been taken to begin predicting 

what type of athlete is at an increased risk of obtaining an ACL injury (Huston et al., 2000). 

 

Hormonal Effects 

 

 Sex hormones play a large role in appearance, structure, and functional differences in 

males and females. Therefore, it is suggested that they may also cause men and women to have 

different injury risk levels, potentially explaining why females have a higher ACL injury rate 

compared to males. 

 By using the menstrual cycle as a mean of comparison between males and females, 

investigators are able to study the sex hormone fluctuations in gender difference. The menstrual 

cycle is mainly separated into three phases: follicular, ovulatory, and luteal (Wojtys et al., 2002). 
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The follicular phase begins on the first day of menstruation and last a mean of 9 days, but is 

most variable in length. The ovulatory phase last approximately 5 days, where a rapid increase 

of luteinizing hormone begins 24 hours before ovulation, correlated with a sharp peak in 

estrogen output. The luteal phase lasts approximately 14 days, where the follicle collapses and 

the corpus luteum is formed (Wojtys et al., 2002). The prompt stop of progesterone release 

causes the start of menstruation. 

 Wojtys et al., (2002) performed a study on the relationship between menstrual cycle 

phase and ACL injury, where 65 women who had torn their ACL were included. Within 24 hours 

of the injury, a urine analysis was done to determine the hormone levels and the phase of the 

menstrual cycle in which the injury occurred. Results showed that there was a significantly 

greater number of ACL injuries during the ovulatory phase compared to the follicular and luteal 

phases in women not taking contraceptives. In women taking oral contraceptives, which 

included 14 females of the sample population, a lower risk of ACL injury was seen during the 

ovulatory phase suggesting that the synthetic hormones may be affecting the ACL injury 

distribution (Wojtys et al., 2002). 

 Temperature is another method used to determine menstrual cycle phase using waking 

temperature charts. Belanger et al. (2004) used this method when testing the effects of sex 

hormones on knee laxity before and after exercise in a group of 27 females. Results showed no 

significant difference in knee joint laxity throughout the different menstrual cycle phases, before 

or after exercise over the 10-week study period (Belanger et al., 2004). Another study looking at 

the effect of estrogen on Ovine ACL fibroblasts concluded that it is unlikely that short durations 

of cyclic change in estrogen levels would result in rapid, clinically significant alterations in the 

material properties of the ACL (Seneviratne et al., 2004). 
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 A third method of determining hormone levels and phase of menstrual cycle is using 

saliva samples. Slauterbeck et al. (2002) used this technique in their study, where results 

showed of the 31 females not using oral contraceptives, a significantly greater number of ACL 

injuries occurred in the follicular phase. Another study by Moller-Nielson & Hammar (1991) 

reported that female soccer players demonstrated a higher incidence of serious injury during 

the luteal phase of the menstrual cycle. The literature suggests that menstrual cycle may 

influence the rate of ACL injuries in women, however future research is needed to determine 

the relationship between ACL injury incidence and the phase of the menstrual cycle. Hewett et 

al. (2006) noted that it is inconclusive as to which phase of the menstrual cycle more ACL 

injuries occur, and should maybe be considered pre-ovulatory and post-ovulatory since 

ovulation is only a moment in time and not a phase. This may lead to more concise reports. 

 Not only the study of estrogen levels, but the effects of testosterone on the ACL has 

been investigated (Lovering & Romani, 2005). Lovering and Romani (2005) found this hormone 

to be highest near ovulation and that there was a significant relationship between testosterone 

levels and increased ACL stiffness. This relationship was not independent but related to the 

concentrations of other sex hormones (Lovering & Romani, 2005). Also, it was noted that this 

study was conducted on reconstructed ACLs, therefore, unclear whether androgen-responsive 

tissue in the ACL is influenced by the inflammatory responses and remodelling that follow the 

injury (Lovering & Romani, 2005). 

 The literature brings forward conflicting results pertaining to ACL injury incidence and 

the effects of sex hormones, with no consensus that these sex hormones play a role in the 

increased incidence of ACL injuries (Ireland, 2002). However, it can also be seen that there is a 

possible relationship between ACL injury incidence in women and menstrual cycle phase, 

therefore keeping hormonal influence an important factor when it comes to determining the 
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cause of ACL injuries. The use of oral contraceptives is also important to consider when looking 

at ACL injuries, since they have been shown to decrease the risk of ACL injury by controlling the 

cycle fluctuations (Hewett et al., 2007). 

 Neuromuscular imbalances due to hormonal influences is another theory that may lead 

to higher rates of ACL injury in female athletes. Estrogen has been shown to have effects on 

neuromuscular function, where Sarwar et al. (1996), showed that quadriceps strength 

significantly increases and that there is a significant reduction of muscle relaxation during the 

ovulatory phase of the menstrual cycle. With serum estrogen levels constantly fluctuating during 

the menstrual cycle, and estrogen having significant effects on muscle function, this may be an 

important factor to consider when looking at ACL injury risk in females. Another study showed 

that estrogen had significant effects on the central nervous system, where differences were 

reported in physical performance in females during different phases of the menstrual cycle. 

Specifically, a significant decrease was seen in maximal oxygen uptake (VO2max) during the luteal 

phase of the cycle (Lebrun et al., 1994). Posthuma et al. (1987) demonstrated a decrease in 

motor control in the luteal phase in females with premenstrual syndrome. These studies 

indicate that estrogen may effect neuromuscular function, possibly effecting females in a 

negative manner leading them to a higher risk of ACL injury. 

 

Biomechanics and ACL Injury 

 Biomechanical and neuromuscular factors are considered a primary reason for ACL 

injuries (Agel et al., 2005; Arendt & Dick, 1995; Zelisko et al., 1982). It has been stated in 

literature that the main mechanism for injury involves decelerating manoeuvres, such as landing 

from a jump and side cutting (Agel et al., 2005; Arendt & Dick, 1995; Hewett et al., 2006). 

Studies have been done over time to narrow the cause of ACL injury within these factors. 
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 In a gender comparison study three dimensional knee joint motions and 

electromyography of the quadriceps and hamstring muscles were quantified to show that males 

and females had different knee motion patterns during running, cross-cutting, and side cutting 

(Malinzak et al., 2001). The study included 11 men and 9 women recreational athletes who 

played basketball, soccer, or volleyball. Results showed that females had decreased knee flexion 

angle, increased knee valgus angle, increased quadriceps muscle activation, and decreased 

hamstring muscle activation in all three movements (Malinzak et al., 2001). By firing the 

quadriceps without full activation of the hamstrings, this may translate the tibia anteriorly 

increasing the risk of ACL failure (Ireland, 2002). These found differences in females may place 

them at higher risk of ACL failure, but further research is needed to confirm this. In 2007, Landry 

et al. also looked at the kinematics, kinetics, and electromyography of the above movements in 

male and female adolescent soccer players. They found that not only was there a quadriceps-

hamstring muscle imbalance, but a medial-lateral gastrocnemii imbalance, where females had 

greater lateral gastrocnemius activity. The authors suggested that this may place females at 

greater risk for ACL injury or may be a compensatory mechanism aimed at increasing joint 

stability (Laundry et al., 2007). To support the findings of Malinzak et al. (2001), they also found 

that males land with greater hip extension moments and have larger hip flexion angles. Laundry 

et al. (2007) stated the hip to be the most prominent kinematic difference between genders for 

the three joints, where female athletes had a smaller hip flexion angle when completing these 

movements. This was confirmed by Pollard et al. (2007) who stated that increased injury may be 

related to poor proximal control, where “females demonstrate a greater reliance on the frontal 

and transverse planes at the hip when performing dynamic activities”. 

Decker et al. (2003) verified that males and females have different movement patterns 

when landing from a jump. Females landed in a more erect posture with greater range of 
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motion at the hip and ankle and increased energy absorption at the knee, compared to men. 

Due to the erect landing position, the authors suggested that it might provide a mechanical 

disadvantage to the hamstrings and allow the quadriceps to pull the tibia anteriorly, straining 

the ACL. On the other hand, males did not use the full capacity of the ankle plantar flexors, and 

demonstrated greater knee flexions and less ankle planter-flexion. This may show that the male 

knee is more prepared to transfer energy up to the larger muscles such as the hip extensors 

(Decker et al., 2003). The authors concluded that this difference in strategy demonstrated 

females’ lack of muscular control, possibly putting more strain on the ACL (Decker et al., 2003). 

 The effect of muscle activation on ACL injury rates has been a large focus in research. 

Females have demonstrated countless times that, compared to males, they have a high 

quadriceps to hamstring ratio (Hewett et al., 2005b; Ireland, 2002; Yu & Garrett, 2007). This may 

lead to strain on the ACL from full extension to 30-45° of knee flexion. Decreasing the knee 

flexion angle increases the anterior tibial shear force at the proximal end of the tibia by 

increasing the patella tendon-tibia shaft angle (Hewett et al., 2005b; Yu & Garrett, 2007). 

Therefore, as knee flexion angle decreases, ACL loading increases. Lamontagne et al. (2005) 

showed that peak ACL strain occurred at the impact peak vertical ground reaction force, shortly 

after initial contact. This is supported by Krosshaug et al. (2007), who concluded that an ACL 

injury occurs between 17-50ms after initial ground contact. The quadriceps hamstring 

imbalance may increase this risk by decreasing the kinetic energy absorption during landing, 

causing the ground reaction forces and torques associated with ACL injury to increase (Hewett 

et al., 2005b). Females have also shown a slower response of hamstring activation, and when 

combined with increased quadriceps activation, increased ground reaction forces are caused, 

leading to ACL injury (Hewett et al., 2006).  
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 A second muscle imbalance involves medial-lateral muscle activations. Females 

demonstrate a 4 times greater lateral hamstring firing pattern, as well as a low ratio of medial to 

lateral quadriceps recruitment (Hewett et al., 2005b). This imbalance causes a decreased medial 

joint compression, which may limit resistance to dynamic knee valgus, leading the female knee 

to medial femoral condylar lift off (Hewett et al., 2005b; Hewett et al., 2006). 

Alignment is another important issue when it comes to ACL injuries. A common scenario 

associated with ACL injury is when the tibia is externally rotated, the knee is close to full 

extension (Huston et al., 2001), the foot is planted, and a deceleration occurs followed by valgus 

collapse (Hewett et al., 2006). Compared to men, women in this situation show greater dynamic 

valgus, meaning hip adduction and internal rotation, decreased hip flexion (Decker et al., 2003), 

knee abduction, tibial external rotation, and ankle eversion. Looking at coronal plane mechanics, 

dynamic valgus torques build at the knee when the hip adducts and the ankle everts, which 

significantly increases anterior tibial translation and load on the ACL (Fukuda et al., 2003). More 

specifically, the hip increases the valgus torques due to muscle imbalances and decreased 

activation of hip musculature (White et al., 2003), indicating the difficulty women have 

controlling their hip during dynamic movements. Boden et al. (2000) and Olsen et al. (2004) 

reported that ACL injury occured when the knee was close to extension and the sagittal plane 

knee joint mechanisms alone could not generate enough forces to rupture the ACL (McLean et 

al. 2004; Pflum et al., 2004). However, decreased muscular activity at the hip, including the 

gluteus maximus, disallows force absorption, leading to an increased ground reaction force 

during landing in women (Hewett et al., 1996). Women demonstrate a greater reliance on the 

frontal (Kernozek et al., 2005) and transverse plane mechanisms at the hip joint during dynamic 

activity (Pollard et al., 2007). The most prominent kinematic difference between males and 
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females is seen at the hip where females generate a smaller hip flexion angle compared to 

males (Laundry et al., 2007).  

Although lower extremity static alignment has not been predictive of ACL injuries 

(Ireland, 2002), Hewett et al. (2005b) has used measures of dynamic valgus to predict non-

contact ACL injury risk in females with 90% accuracy. In another study by Hewett et al. (2005), 

knee abduction moments were used, since it contributes directly to lower extremity dynamic 

valgus, for predicting ACL injury status with a sensitivity of 78% and a specificity of 73%. This 

increased knee abduction motion and moments in females before ACL injury suggest decreased 

neuromuscular control of the lower extremity in the coronal plane (Hewett et al., 2005). 

 Together with valgus alignment and increased muscle imbalances, females exhibit an 

amplified risk of ACL injuries compared to their male counterpart. Although all three lower 

extremity joints have been shown to play a part in ACL injury, the hip has been noted as one of 

the primary factors leading to ACL injury (Laundry et al., 2007). Females show lower gluteal 

activity during landing, leading to misalignment and decreased load-bearing capacity of the knee 

joint, increasing the risk of ACL injury (Hewett et al., 2005b). 

 

Gluteus Medius Muscle and ACL Injuries 

 The gluteus medius (GMed) muscle originates on the surface of the iliac crest and 

inserts into the lateral surface of the greater trochanter, where the anterior and middle portions 

of the gluteus medius are covered by thick fascia and the posterior portion lies deep to the 

gluteus maximus muscle. The main function of the gluteus medius muscle is abducting the leg. 

Over and over, women have shown valgus positioning during landing, where the hip is adducted 

compared to men. The lower limb alignment dysfunction has been associated with gluteus 
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medius weakness, causing contralateral pelvic drop and excessive knee valgus (Liebenson, 

2006). 

 A study was done looking at gluteus medius muscle activity in 16 male and female 

division-one soccer athletes to evaluate the gender difference during a forward jump (Hart et 

al., 2007). Surface electromyography (EMG) was collected for the gluteus medius muscle, along 

with hamstrings, quadriceps, and gastrocnemius muscles, where results showed that the 

average gluteus medius activity was significantly higher in males compared to females. However 

there were no significant difference between genders for any other muscles collected (Hart et 

al., 2007). This reduced activity may result in less resistance to hip adduction and internal 

rotation, which is associated with a high-risk lower extremity position that may lead to a non-

contact ACL injury (Ireland, 1999). Hart et al. (2007) suggested that decreased gluteus medius 

activity in females may be related to gender-specific neuromuscular strategies, where males are 

more capable of attenuating the forces of dynamic movement patterns. 

 On the other hand, studies have shown no difference in GMed activity between 

genders. A study was carried out analyzing the gluteus maximus and gluteus medius during a 

30.5 cm and 45.8cm single-leg drop jump landing in male and female soccer and track athletes. 

Results showed that females displayed lower gluteus maximus EMG activity compared to males, 

however, there was no difference in gluteus medius EMG activity (Zazulak et al., 2005). Russell 

et al. (2006) also showed no difference in gluteus medius muscle activity between genders. 

Their study analyzed a 60cm single-leg drop jump with a study population of healthy subjects 

where activity level was unknown. Another study also looked at 20 recreationally active male 

and female subjects performing a bilateral drop jump from a 30cm wooden box, where subjects 

were instructed to land with both feet then immediately jump as high as they were able to in a 

vertical direction (Carcia & Martin, 2007). They found that the gluteus medius displayed similar 
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EMG activity between sexes before and after a drop jump. This study looked at before ground 

contact muscle activity to measure anticipatory muscle contraction, while post-landing muscle 

activity measured how a muscle responds to the imposed forces and torques as a results of the 

ground reaction force (Carcia & Martin, 2007). 

 The gluteus medius muscle findings have been inconclusive with some studies showing 

gender differences, while others show no dissimilarity. A reason for this may be the type of 

electrode used to detect gluteus medius activity since it is a deep muscle. In 1970, a study done 

by Komi and Buskirk found that the reliability and reproducibility of the intramuscular 

electrodes to be weaker than surface electrodes when testing the biceps brachii. Bouisset and 

Maton (1972) also used the biceps brachii, however this time tests were run 55 times with 

electrodes placed at different locations, distances, and depths. Results were similar between 

tests, showing that intramuscular electrodes were more representative of the whole muscle 

activity while surface electrodes only measured the muscle surface. This was supported by 

Oberg et al. (1992), who concluded that intramuscular electrodes performed more consistently 

with less variance. 

 The accuracy of intramuscular electrodes was supported in a muscle fatigue study of the 

rectus femoris, where both surface and intramuscular electrodes were used (Kim et al., 2007). 

Although muscle fatigue was seen in both electrodes, the RMS result of surface EMG was larger 

than that of intramuscular EMG. The authors concluded that this was due to the surface EMG 

representing electrical activities of many motor units, which included nearby activated muscles. 

On the other hand, intramuscular EMG directly measures the muscle of interest (Kim et al., 

2007). 

 In 2003, a study used surface and intramuscular electrodes to detect activity in the 

soleus muscle during gait analysis (Bogey et al., 2003). During the swing phase, the surface 
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electrodes showed activity at the soleus muscle, but the intramuscular electrodes detected no 

activity (Bogey et al., 2003). Furthermore, both the surface and intramuscular electrodes 

measured similar peak intensities, yet the duration of the signal was much longer with the 

surface electrodes compared to the intramuscular electrodes, showing cross-talk in the surface 

electrode readings (Bogey et al., 2003). This further concludes that intramuscular electrodes are 

better able to read the activity of specific muscle activity during human movement. 

 Therefore, it would be difficult for surface electrodes to detect the activity of the 

gluteus medius muscle since it is a deep muscle covered by thick fascia and influenced by the 

gluteus maximus activity. With the specificity and lowered variance of intramuscular electrodes, 

measuring GMed activity during landings may be able to show a difference between genders, 

which may offer useful information to help prevent ACL injuries. 

   

Drop Jumps 

 

 The majority of non-contact ACL injuries occur during a deceleration mechanism, such 

as landing from a jump or cutting. Therefore it is important to determine lower body strategies 

during these movements for future high-risk identification screening processes. The drop jump 

is a common tool used to analyze landing, since drop jumping has the ability to maximally create 

eccentric loading on the lower extremity (Ortiz et al., 2008). However, a variety of standard drop 

heights have been used, with no real explanation as to why the specific height was chosen.  

 The effect of different drop heights on the biomechanics of jumps was studied, where 

six subjects performed a bounce drop jump from three heights; 20cm, 40cm, and 60cm (Bobbert 

et al., 1987). A bounce drop jump was when the downward velocity is reversed into an upward 

velocity as soon as possible after the landing. Results showed no significant difference between 

20cm and 40cm in mechanical output about the joints during the push-off phase. There was also 
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no significant difference found in vertical jump achievement between drop jumps at different 

heights (Bobbert et al., 1987). However, peak values of moment and power output about the 

ankles during push-off phase were found to be smaller at a 20 cm and 60 cm drop height, 

compared to 40 cm (Bobbert et al., 1987). At 60 cm, the subjects could not stop their heel from 

contacting the ground resulting in a sharp peak of the vertical ground reaction force and the net 

joint reaction force. The authors concluded that dropping height should be limited to 20 or 

40cm when investigating training effects of the bounce drop jump, where at 20 cm, the peak 

forces encountered by joint surfaces remain relativity small (Bobbert et al., 1987). 

 Unilateral landings versus bilateral landings also lead to different effects on the 

biomechanics of drop landings. A study done by Pappas et al. (2007) used kinetic, kinematic, and 

electromyography data to compared the different types of landing and their effect on gender 

from a standard drop height of 40 cm. Unilateral landings showed increased knee valgus, 

decreased knee flexion at initial contact, decreased peak knee flexion, decreased relative hip 

adduction, and increased normalized electromyography of the rectus femoris, medial hamstring, 

lateral hamstring, and medial gastrocnemius compared to bilateral landings (Pappas et al., 

2007). However, this study did not describe the drop jump design nor did it look at any data 

before initial ground contact. Female athletes landed with increased knee valgus and vertical 

ground reaction force compared to males for both types of landing. The gender and landing type 

interaction was insignificant. 

 Drop jump literature focuses mainly on training effect, such as in plyometric exercises 

(Bobbert et al., 1987, Walsh et al., 2004). There is no specific height that is recommended for 

studying lower limb kinematics and kinetics during landing between genders. By studying these 

measurements from different drop heights, it can be determined if height has an effect on 

biomechanical measures for injury prevention. 
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 From the literature it is clear that women have a significantly higher rate of ACL injuries 

compared to men. There are a number of factors associated with ACL injury risk that have been 

investigated over the years, although literature has shown inconsistencies in these factors and 

their relationship to ACL injury risk. It has however, been repeatedly shown that women 

generally perform landing and cutting manoeuvres with smaller knee flexion angles and greater 

knee valgus and hip adduction angles compared to men, which is linked to a high ACL injury risk 

position. While past studies have focused on the kinematics and kinetics of lower limb 

alignment, few studies have examined the contribution of the hip musculature to lower 

extremity control during these movements. Therefore, this study focused on the effect of the 

gluteus medius muscle activation patterns and its effect on lower limb alignment during landing 

tasks from 3 heights. As well as determine the effect of drop jump height on gender differences 

in lower limb kinematics and kinetics, and investigate if there is a better drop jump height to 

study gender differences from. The GMed plays a large role in hip abduction, therefore if 

women are prone to hip adduction causing knee valgus, less activity in the GMed may be seen in 

women performing a drop jump task, where landing is considered a movement that may lead to 

a greater risk of non-contact ACL injury. Along with other studies on factors affecting ACL injury 

risk, this current study will help further determine the differences between men and women 

that may lead to a greater risk of ACL injury, and help prevention programs develop a training 

regimen to reduce the rate of non-contact ACL injuries amoung women.  
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Methodology 

Study design 

 

This study compared the measurements of two groups: women and men. Both groups 

were tested in three conditions of drop jump heights. The dependent variables of interest were 

integrated linear envelope EMG (iEMG), peaks of EMG magnitude, and onset of EMG, as well as 

lower limb joint angle, moment and power. This study design enabled us to see the effect of 

jump heights on muscle and lower limb kinematics and kinetics between genders. 

 

Participants 

 Twenty-four participants were recruited for this study on a volunteer basis. Participants 

consisted of 12 female and 12 male athletes competing in “high-risk” sports. These high risk 

sports were defined as having higher rates of non contact anterior cruciate ligament injuries, 

such as soccer and volleyball, in comparison to other sports (Agel et al., 2005; Arendt & Dick, 

1995; Ferretti et al., 1992). Inclusion criteria stated the participants were between the ages of 

18 and 35 years old, and injury free at the time of testing. The participant had no history of 

serious injury to the lower extremities, especially the knee, defined as being out of sport for at 

least a week within the last 5 years of sport participation.  Each participant had to have a 

training regiment of at least two one-hour sessions per week, and at least two years of 

participation in a competitive environement of the high risk sport (soccer or volleyball) , defined 

as a higher level of the specific organized sport within a club/school organization. Prior sports 

experience and menstrual cycle phase (if applicable) were recorded as reported by the 

participant. 

 Preceding the start of testing, each participant was required to read, understand, and 

sign an informed consent form outlining the inherent risks and benefits of their participation in 
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this study, which they also had access to prior to arriving at the study. The participant was 

advised that they may withdraw from the study at any point with no consequences. The 

University of Ottawa Health Sciences and Science Research Ethics Board (REB) approved this 

study.  

Materials and equipment 

 

For this study three-dimensional (3D) motion data, ground reaction forces, and 

electromyography (EMG) signals were collected during drop jumps at three heights for both 

groups.  

 

Motion Recordings 

 For 3D motion analysis an infared ten-camera Vicon*Motion software system (Vicon 

MX-13, Oxford Metrics, Oxford, UK) was used to collect, record, and process movement signal 

information during the jump procedures. The system was first dynamically calibrated using a T-

shaped wand (240mm) with three reflective markers to identify the marker orientation in the 

recording volume. A static calibration was then completed using an L-shaped stationary frame 

(ErgoCal 14mm) to define the origin of the recording volume. Infrared video data was captured 

at 500 Hz and synchronized with forceplate and EMG data.  

Ground Reaction Force 

 Forces were measured using two Bertec force platforms (4060-08, Bertec Corporation, 

Columbus, OH) imbedded side-by-side in the floor, creating a level surface. Measuring ranges 

were collected in the Fx, Fy, and Fz directions.  A mobile kistler force platform (Kistler 9286BA, 

Kistler Instrumente, Winterthur, Switzerland) was placed on the height-adjustable drop jump 

bench to determine the exact moment when the participant left the force platform.  
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Electromyography 

 The electromyography (EMG) was collected using a Delsys system (DelSys Inc., MA), 

with 14 surface probes and two fine wire electrodes. EMG was collected bilaterally for the 

gluteus medius (GMed), gluteus maximus (GMax), vastus lateralis (VL), vastus medialis (VM), 

rectus femoris (RF), lateral gastrocnemius (LG), biceps femoris (BF), and semitendinosus (ST) 

muscles. Bipolar single differential silver surface electrodes 10mm in length, 1mm in diameter, 

and spaced 10mm apart (SP-E04, DE 2.1, DelSys Inc., MA) were placed over the muscle bellies 

between the origin and insertion of the muscles under investigation, excluding the GMed, and 

parallel to the muscle fibres. The grounding electrode was placed on the participants clavicle. 

Prior to the application of the surface electrodes, the skin was washed, shaven, and abraded to 

reduce skin impedance.  The two paired fine-wire intramuscular electrodes (40 AWG, copper 

wire) had a 15 cm tail and 0.5cm un-insulated termination at each end, and were inserted into 

the gluteus medius muscle by a registered nurse, using a 26-gauge needle 1.5inches in length, to 

a depth of approximately three centimetres (Wilson et al., 1976).  Each pair of fine-wire 

electrodes were inserted into the gluteus medius muscle belly at a location five centimeters 

below the iliac crest and posterior to the line joining the anterior superior iliac spine and the 

greater trochanter (Geiringer, 1994) using a ventrogluteal injection technique. The Delsys 

system unit was amplified via a connection to the main amplifier unit (SP-B08, Bagnoli-16, 

DelSys Inc., Boston, MA). EMG was sampled at 1000 Hz, band-pass filtered at 20-450 Hz using a 

16 bit A/D conversion board(NI PCI 6229, National Instrument Corp., Austin, TX). 

Procedure 

 

 Upon arrival to the laboratory, the participant read and signed the consent form. They 

were then asked to change into spandex running shorts, a spandex t-shirt, and their sport 

specific shoes. Participants were then required to warm up with 20 jumping jacks to increase the 
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heart rate and preform stretching of all major lower extremity muscle groups, demonstrated by 

the investigator. Once warmed-up and stretched, the participant was asked to preform five 

maximal vertical counter-movement jumps (CMJ) to determine their maximum jumping height. 

To do this, they were instructed to perform a vertical jump on two legs with a goal to reach their 

maximum height. After each jump, the maximum height was calculated using force plate data 

and the following equation:  ����ℎ����	
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 × �100 where the height reached was 

reported to the participant. The highest height of the five trials was selected for the maximum 

height drop jump (maxDJ). Next, anthropometric measurements were taken including mass in 

kilograms to the nearest 0.1 kg using a balance scale, standing height to the nearest 0.5 cm 

using a slide ruler apparatus, and body mass index (BMI) using the equation mass in kilograms 

divided by height in metres squared. Surface and fine wire electrodes were then placed on the 

participant. Maximum voluntary isometric contractions (MVC) were recorded for six different 

muscle groups of each lower limb: hip flexion, hip extension, hip abduction, knee flexion, knee 

extension, and ankle plantar flexion. The MVCs were executed against a fixed resistence (fixed 

polyester strap attached to a wooden examination bench). From the three MVC trials collected, 

the highest peak of EMG magnitude was selected to normalize the jumping data. Forty-five 

reflective markers were attached to the head, trunk, arms, hands, pelvis, legs, and feet 

according to the University of Ottawa Motion Anaylsis Model (UOMAM) marker set – a modified 

Helen Hayes marker set - using a headband, wristbands, and double-sided adhesive tape. These 

markers were used to calculate joint centres of rotation and segment length based on their 

position.  See appendix A for marker placement.  

 Additional anthropometric measurements were then collected including inter-ASIS 

distance, leg length, knee height, knee width, and ankle width were taken from each individual 

to the nearest 0.5 cm. 
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The participant preformed a static calibration trial where they were asked to stand feet 

shoulder width apart, arms infront parallel to the ground with a slight bend in the elbows, 

looking straight ahead, and remain motionless for 5 seconds. Each participant was next asked to 

perform three drop jump tasks from different platform heights onto two force platforms 

imbedded in the floor. Each drop jump task was performed for 2 sets of 5 repititions at the 

participants own speed, while 3D kinematics and kinetics, ground reaction force, and raw 

electromyographic signals were collected. Between each set, the participant was given a two-

minute rest period that is consistent with training and conditioning principles. The first five 

successful trials performed were used for analysis. To preform each drop jump, participants 

were instructed to jump out off the drop jump platform, as to minimize their vertical height, and 

land with one food on each side-by-side force plate where they immediately perform a 

maximum vertical jump. The participant was instructed that upon dropping from the platform 

and before jumping vertically, they were to land on the ball of their feet, trying to minimize their 

heel contact with the force platform. Although the heel drop is impossible to eliminate at 

certain heights, this encouraged the participants to not rest or relax slightly after landing. The 

first drop jump test height was set to the maximum CMJ height (in centimetres) determined at 

the beginning of the study, referred to as maxDJ. The second drop jump test height was 

determined by 50% of the participant’s knee height, which was measured from the lateral 

condyle to the lateral malleolus, referred to as kneeDJ. This drop jump height allowed the study 

to compare male and female athletes landing from a lower height. The thrid drop jump height 

was constant across all participants at 40cm, referred to as 40DJ, which represented a 

commonly used height seen in literature. The three drop jump heights were randomized for 

each participant.  Once these tasks were complete, the electrodes, reflective markers, and any 

other equipment were removed. 
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Data Analysis 

 

 Three-dimensional kinematics, kinetics, and electromyography data of each participant 

were analyzed for 15 successful drop jump trails, the first five successful trials from each drop 

jump height. (Note: if a variable was unusable within a successful trial, the trial would be 

discarded and the next successful trial was used). The cycle of interest was defined as 200ms 

before initial ground contact to 250ms after contact with the ground (Carcia & Martin, 2007). 

Two hundred fifty milliseconds was a reasonable stop time since it has been shown that an ACL 

injury occurs between 17-50ms after initial ground contact (Krosshaug et al., 2007). This cycle 

was applied to time normalize the data. 

 The raw kinematic data was used to generate 3D coordinates in the Vicon Nexus 

software program (Vicon MX-13, Oxford Metrics, Oxford, UK) from the 2D camera images for 

each participant for each jump trial. Marker trajectories were labelled and foot contact and the 

cycle parameters were determined. The trajectories were filtered using Vicon’s Woltring filter 

with a mean square error value of 15mm
2
. The lower extremities were modeled as a rigid linked 

body and was modified to include additional markers on the medial femoral epicondyles and 

medial malleoli to define the knee and ankle joint centres as the mid point between the medial 

and lateral markers for each joint. The UOMAM was used to calculate joint centres of rotation 

and segment length based on the position of the skin markers.  

The kinetic data analyzed consisted of moments of force and powers for lower limb 

joints, where the three dimensional ground reaction forces obtained from the force plates were 

filtered using a fourth order, low-pass Butterworth filter, with a cut-off frequency of 50Hz 

(Hewett et al., 2005). An inverse dynamics approach (Winter, 2005) was applied to obtain 

weight normalized moments of force and power for lower limb joints. This approach used 

known forces and moments at the distal joint of a segmment , in addition to the segments 
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motion and inertial properties, to calculate the forces and moments at the proximal joint of the 

segment. Each trial was cut and time normalized to a 100% cycle. Using a custom MATLAB (The 

Mathworks, Inc. USA) program, peak angles, moments of force, and powers were determined 

for the dominant hip, knee, and ankle in the frontal and saggital planes. Kinematic and kinetic 

data in the transverse plane was not included in the study because of the large variability in data 

due to the method used of calculating trajectories with skin markers.  

Raw EMG signals were baseline corrected, rectified and smoothed with a critically 

damped filter (double pass, zero-lag, 4
th

 order low pass Butterworth filter), with a cutoff 

frequency of 6 Hz to generate a linear envelope of the EMG signal. From the linear envelope 

data, the signals were normalized to the participant’s MVC and time normalized. The integrated 

EMG value and the peak muscle activity of each muscle was determined.  

From the raw EMG data, onset of muscle activity was determined for each trial using a 

custom MATLAB (The Mathworks, Inc. USA) double-threshold detector program. The onset 

detector operates on the raw myoelectric signal from which a first threshold is determined using 

the noise-to-signal ratio, detemined uniquely for each signal (Bonato et al., 1998). The second 

threshold, represented by “ro” was set at 1. A false alarm probability was set at 0.05 (Bonato et 

al., 1998). The timing of the onset was reported as a percentage of the landing cycle, in relation 

to initial ground contact, which occured at 44.5%. Therefore, a percentage of 44.4 or less 

indicated that the onset occurred before ground contact, while a percentage of 44.6 or over 

indicated muscle onset after ground contact. 

 

Statistical Analysis 

 Statistical tests were conducted using SPSS software (SPSS for windows, version 17.0, 

SPSS Inc., Chicogo, USA). A 2x3 mixed between-within analysis of variance (ANOVA) was used to 
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determine if any main effects were found for lower limb variables between male and female 

athletes at three drop jump heights. Significance was set at a level of p<0.05. The lower limb 

variables under analysis included joint angle, moment of force, power, and muscle onset, peak 

EMG, and the integrated EMG. If any main effects were found to be significant (α<0.05), 

adequate post hoc tests were conducted with a Bonferroni correction. 
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ABSTRACT 

The objectives of this study were to determine if gender differences occur in gluteus 

medius activity during drop jump tasks, as well as to investigate the effect of drop jump heights 

on lower limb kinematics, kinetics, and muscle activity. During jump landings, women are prone 

to valgus collapse, leading to a higher risk of anterior cruciate ligament (ACL) injury compared to 

men. With a valgus collapse, women have shown greater hip adduction compared to men.  This 

may be caused by a less active gluteus medius (GMed) muscle that is unable to control the 

internal rotation and adduction of the thigh causing an increase in the knee joint abduction 

angle during a jumping maneuver, augmenting the risk of ACL injury. These sex differences are 

seen when testing men and women from the same drop jump height, although, on average, 

men are able to jump much higher than women. In this study, twelve male and twelve female 

competitive soccer and volleyball athletes performed bilateral drop jumps from three heights; 

the participants maximum vertical jump height (maxDJ), 50% of the participant’s tibial length 

(kneeDJ), and a commonly used height of 40cm (40DJ). Three dimensional motion data of the 

hip, knee, and ankle, and lower body electromyography were recorded. Intramuscular 

electrodes were used to collect the activity of the GMed muscle.  Results showed that female 

athletes had greater hip adduction and knee valgus compared to male athletes during the drop 

jumps. GMed activity and onset were similar between sexes during landing. Sagittal plane 

differences were seen when comparing drop jump heights, where males showed significant 

differences between the maxDJ and kneeDJ, while females showed significant differences 

between the maxDJ and the 40DJ. This may show that testing female and male athletes at the 

same height may lead to errorneous conclusions on normal landing techniques between sexes. 

 

KEYWORDS: gluteus medius, ACL injury, intramuscular electrodes, drop jumps, sex differences 
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INTRODUCTION 

An anterior cruciate ligament (ACL) injury is most commonly encountered through a 

non-contact mechanism, such as landing from a jump or cutting tasks (Agel et al, 2005; Arendt & 

Dick, 1995; Boden et al., 2000; Decker et al., 2003; Hewett et al., 2006; Myklebust et al., 1998; 

Noyes et al., 1983).  An ACL injury is also more prevalent during game environments compared 

to practice sessions (Ferretti et al., 1992). It is an ongoing question in research as to why women 

are four to eight times more likely to injury their ACL compared to men (Arendt & Dick, 1995; 

Hewett et al, 1999; Pollard et al, 2007).  So far, studies have determined  that women have 

decreased knee flexion angles, increased knee valgus angles, and decreased hip flexion angles 

(Malinzak et al., 2001), causing them to have greater ground reaction forces, landing in a more 

erect posture (Decker et al., 2003).  The large knee valgus angle seen in women during landing 

may result from the hip adducting, increasing the valgus torques at the knee due to muscle 

imbalances at the knee and hip joint. The hip muscle imbalance in women may reduce the joint 

stability during dynamic movements (White et al., 2003).  Together with large knee valgus 

angles and increased muscle imbalances at the knee and hip, women exhibit an amplified risk of 

ACL injuries compared to men.  Although all three lower extremity joints have been shown to 

play a part in ACL injury, the hip has been noted as one of the primary factors leading to ACL 

injury (Laundry et al., 2007).  Females show lower gluteal activity during landing, leading to 

misalignment and decreased load-bearing capacity of the knee joint, increasing the risk of ACL 

injury (Hewett et al., 2005b). 

Sex differences have shown that women have greater hip adduction during sporting 

maneuvers, which leads to a higher knee abduction and greater loading on the ACL (Decker et 

al., 2003; Hewett et al., 2006).  The gluteus medius (GMed) muscle has been determined as the 

primary hip abductor and pelvic stabilizer (Kendall et al., 1993), however, the lower limb 
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alignment dysfunction has been associated with a less active gluteus medius muscle, causing 

contralateral pelvic drop and excessive knee valgus, decreasing neuromuscular control when 

participating in physical activity and sport (Liebenson, 2006).  Over recent years, research on the 

hip has become more popular and is now thought to affect lower limb alignment and ACL 

loading.   

As mentioned above, landing from jumps are a recognized task that may lead to an ACL 

injury, where these landings are typically performed from various landing heights and therefore, 

an understanding of landing technique is important for the prevention of injuries during 

intensive athletic activies, such as soccer, and volleyball.  

Drop jumps are a common task used to study landing patterns and are executed by 

jumping down from a raised platform and upon landing, performing an explosive maximal 

vertical jump. Drop jumping is a type of plyometric exercise that uses the stretch-shortening 

cycle – when a muscle is stretched directly before it is explosively contracted allowing higher 

force production and power outputs (Walsh et al., 2004). 

The majority of studies using drop jump tasks select commonly used heights, such as 

0.2m, 0.4m, and 0.6m, with minimal explanation as to why each height was selected (Bobbert et 

al, 1987; Carcia & Martin, 2007; Decker et al., 2003; Walsh et al., 2004). There is no specific 

height that is recommended for studying lower limb kinematics and kinetics between men and 

women during landing studies .  

Therefore, this study investigated the effect of three drop jump heights on lower limb 

three-dimensional kinematics and kinetics of men and women athletes to determine if there 

was a better height to study landing patterns from.  This study also focused on the effect of 

gluteus medius muscle activity on lower limb three-dimensional kinematics and kinetics 

between men and women soccer and volleyball athletes who are frequently exposed to high-
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risk maneuvers.  It was hypothesized that women would show a different peak magnitude and 

onset of gluteus medius muscle activity compared to men during the three drop jump test 

heights.  Also it was hypothesized that there would be a negative linear relationship between 

peak gluteus medius magnitude and peak angular displacement of knee abduction. The 

relationship between gluteus medius activation measured with intramuscular electromyography 

(EMG) electrodes and lower limb 3D kinematics and kinetics during three drop jump heights 

were compared between genders. With regards to effect of drop jump heights, it was 

hypothesized that kinematics and kinetics from higher drop jumps would be significantly 

different from drop jumps at lower height. Also, as drop jump height increases, sagittal plane 

kinematics and muscle activity would increase to help the body absorb the larger ground 

reaction force. Lastly, a greater difference between male and female kinematics and kinetics 

would be seen at higher drop jump heights due to female athletes’ possible lack of experience 

landing from these heights. 

 

METHODS 

 This study used a mixed between-within design, where male and female athletes were 

tested in three conditions of drop jump height. The dependent variables of interest were 

dominant lower limb joint angle, moment of force, and power, as well as dominant lower limb 

integrated and peak muscle activity and muscle onset. This study design enabled us to see the 

effect of sex on lower limb kinematics, kinetics, and muscle activity, as well as the effect of drop 

jump height on the lower limb variables. 

Participants  

Twenty-four participants were included in the study, consisting of 12 female and 12 

male competitive athletes competing in the “high-risk” sports of soccer and volleyball.  These 
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high-risk sports are defined as having higher rates of non-contact ACL injuries, in comparison to 

other sports (Agel et al., 2005; Arendt & Dick, 1995; Ferretti et al., 1992).  Inclusion criteria 

stated the participants were between the ages of 18 and 35 years old, and injury free at the 

time of testing. The participant had no history of serious injury to the lower extremities, 

especially the knee, defined as being out of sport for at least a week within the last 5 years of 

sport participation.  Each participant had to have a training regiment of at least two one-hour 

sessions per week, and at least two years of participation in a competitive high risk sport, 

defined as a higher level of the specific organized sport within a club/school organization. Prior 

sports experience and menstrual cycle phase, recorded as day of cycle, (if applicable) were 

recorded as reported by the participant. Institutional ethics board approval was obtained, and 

participants provided informed consent. Participant demographics are presented in Table 1.  

Materials 

Forty-five reflective markers were fixed to the participant’s body, following a modified 

Helen Hayes model marker set (Kadaba & Ramakrishnan, 1990), which was used to calculate 

joint centres of rotation and segment length based on the position of the skin markers. A ten-

camera infrared motion analysis system (Vicon MX-13, Oxford Metrics, Oxford, UK) was used to 

track the markers during drop jumps at a 500Hz sampling frequency.  Two side-by-side force 

platforms (4060-08, Bertec Corporation, Columbus, OH) imbedded into the floor, creating a level 

surface, recorded 3D ground reaction forces at 1000Hz. 

Bipolar single differential silver surface electrodes 10mm in length, 1mm in diameter, 

and spaced 10mm apart (SP-E04, DE 2.1, DelSys Inc., MA) were used on the left and right vastus 

lateralis (VL), vastus medialis (VM), rectus femoris (RF), biceps femoris (BF), semitendinosis (ST), 

lateral gastrocnemius (LG), and gluteus maximus (GMax). Two paired fine-wire intramuscular 

electrodes were inserted by a registered nurse, using a 26-gauge needle, into the middle fibres 
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of the gluteus medius (GMed) muscle on the left and right side, to a depth of approximately 3 

cm, using a ventrogluteal injection technique. The EMG signal was sampled at 1000Hz and 

connected to the main amplifier unit (SP-B08, Bagnoli-16, DelSys Inc., Boston, MA) where the 

signal was band-pass filtered at 20-450 Hz using a 16 bit A/D conversion board, (NI PCI 6229, 

National Instrument Corp., Austin, TX).  

Protocol 

Each participant underwent a two-hour motion analysis session at the Human 

Movement Biomechanics Laboratory of the University of Ottawa. The participant wore a tight 

fitting black suit and their sport specific shoes.  Each participant was asked to first perform five 

maximum vertical countermovement jumps (CMJ).  The participant’s maximum jumping height 

was determined using the force plate data and equation (1).  

����ℎ���ℎ����
 �= �
�



��

�





 × 100.  (1) 

Maximum voluntary isometric contractions (MVC) were then recorded for each muscle using a 

fixed resistance (fixed polyester strap attached to a wooden examination bench). Each 

participant was asked to performed three MVCs for each muscle group under analysis – gluteus 

medius, gluteus maximus, hamstrings, quadriceps, and gastrocnemius. From the three MVC 

trials, the EMG signal with the highest peak was selected to normalize the jumping data.  Forty-

five reflective markers were then fixed to the participants body. The participant then had to 

perform bilateral drop-jump tasks, while 3D kinematics and kinetics, and raw electromyography 

(EMG) data were collected. The first drop jump test height was set to 100% of the maximum 

CMJ height (maxDJ).  The second drop jump height was determined by 50% of the participant’s 

tibial height – lateral femoral condyle to lateral malleolus (kneeDJ). The third drop jump height 

was standard across all participants at 40cm (40DJ) to represent a commonly used drop jump 

height in literature. Refer to Table 1. The three drop jump heights were randomized for each 
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participant and 2 reps of 5 sets were recorded for each participant at their own speed.  Each 

drop jump test consisted of the participant jumping out off the drop jump platform and onto the 

imbedded force plates, where they immediately performed a maximum vertical jump.  The 

participant was instructed that upon dropping from the platform and before jumping vertically, 

they were to land on the ball of their feet, trying to minimize their heel contact with the force 

platform.  Although the heel drop is impossible to eliminate, this encouraged the participant to 

not rest or relax slightly after landing. This paper focused on the data of the first five successful 

trials of the dominant leg. 

Data Analysis 

 The lower limbs were modelled as a rigid linked system with three degrees of freedom, 

where data was time normalized, from 200ms before initial ground contact on the force plate to 

250ms after ground contact (Carcia & Martin, 2007). The stop time was appropriate since it has 

been shown that an ACL injury occurs between 17-50ms after initial ground contact (Krosshaug 

et al., 2007). The resulting trajectories were filtered using a Woltering filtering routine set at a 

mean square error of 15mm
2
 (Woltering, 1986). The lower extremities were modeled as a rigid 

linked body and were modified to include additional markers on the medial femoral epicondyles 

and medial malleoli to define the knee and ankle joint centres as the mid point between the 

medial and lateral markers.  

The ground reaction forces were filtered using a fourth order low-pass butterworth 

filter, cutoff frequency of 50Hz (Hewett et al., 2005). An inverse dynamic approach was then 

used in order to obtain lower limb 3D kinetics (moments of force and power), which were 

normalized by body weight, as well as time. Due to unusuable date, only 8 male athletes and 6 

female athletes were compared for kinetic date. The variables analyzed included the dominant 

hip, knee, and ankle, determined by kicking foot, peak angles for kinematics and peak moments 
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of force and peak power for kinetics during landing phase.  The dominant electromyography was 

also analyzed, including the integrated EMG (iEMG), peak EMG, and onset. To determine the 

iEMG and peakEMG, the raw EMG signals were baseline corrected, rectified and smoothed with 

a critically damped filter (double pass, zero-lag, 4
th

 order low pass Butterworth filter), with a 

cutoff frequency of 6 Hz. A linear envelope of the EMG signal was then generated. From the 

linear envelope data, the signals were normalized to the participant’s MVC and time normalized. 

To determine the onset of each muscle raw EMG signals were run through a custom MATLAB 

(The Mathworks, Inc. USA) double-threshold detector program was used (Bonato et al., 1998). 

The onset detector operated on the raw myoelectric signal from which a first threshold was 

determined using the noise-to-signal ratio selected for each trial. The second threshold, 

represented by “ro” was set at 1. A false alarm probability was set at 0.05 (Bonato et al., 1998). 

The timing of the onset was reported as a percentage of the landing cycle, in relation to initial 

ground contact, which occured at 44.5%. Therefore, a percentage of 44.4 or less indicates that 

the onset occurred before ground contact, while a percentage of 44.6 or over indicates muscle 

onset after ground contact. Due to unusable data, the vastus medialis, semitendinosus, and 

lateral gastrocnemius were not analyzed in this study.The kinematic, kinetic, and 

electromyography variables were extracted from each of the five successful trial, and then 

averaged for each participant.  

 Statistical tests were conducted using SPSS software (SPSS for windows, version 17.0, 

SPSS Inc., Chicogo, USA). A 2x3 mixed between-within analysis of variance (ANOVA) was used to 

determine if any main effects were found for lower limb variables between male and female 

athletes at three drop jump heights. Significance was set at a level of p<0.05. The lower limb 

variables under analysis included joint angle, moment of force, power, and muscle onset, peak 

EMG, and the integrated EMG value. If any main effects were found to be significant (α<0.05), 
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adequate post hoc tests were conducted with a Bonferroni correction. Independent t-tests were 

conducted on patient demographics. 

 

RESULTS 

 It was found that groups did not differ and therefore were well matched for age 

(p=0.504), BMI (p=0.464), total years of participation in ACL injury high risk sport (p=0.473) and 

average weekly physical activity (p=0.827). 

Table 1. Participants’ average age, weight, height, BMI, day in menstrual cycle, total years of 

participating in high risk sport, type of sport – soccer (S) and volleyball (V), Max drop jump 

height (MaxDJ), and Knee Drop jump height (KneeDJ). Mean (SD). 

Group 

(N) 

Age 

(years) 

Mass 

(kg)* 

Height 

(cm)* 

BMI 

(kg/m
2
) 

Menstrual 

Cycle 

(days) 

Total Sport 

Participation 

(years) 

Sport 

(N) 

MaxDJ 

(cm)* 

KneeDJ 

(cm)* 

Male 

(12) 

25.4 

(3.7) 

75.6 

(8.9) 

178.0 

(4.5) 

23.8 

(2.3) 

/ 14.2  

(5.4) 

2V 

10S 

43.0 

(8.0) 

21.6 

(1.1) 

Female 

(12) 

24.4 

(3.6) 

66.8 

(8.2) 

164.7 

(4.0) 

24.7 

(3.7) 

10.5  

(8.5) 

15.7  

(4.7) 

2V 

10S 

27.3 

(4.9) 

19.8 

(0.7) 

 *Significant difference at p<0.05 

 In all three drop jumps, differences were seen between the men and women’s landing 

patterns in the frontal plane (Table 2). At the 40DJ, female athletes showed a greater peak hip 

adduction angle compared to male athletes (p= 0.019), as well as a greater peak knee abduction 

angle compared to men (p=0.033). At the maxDJ, females showed significantly greater peak hip 

adduction (p=0.021) and peak knee abduction (p=0.027) compared to male athletes. Lastly, at 

the kneeDJ, females only showed a significantly larger peak knee abduction angle compared to 

male athletes (p=0.028).  
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Table 2. Kinematics and kinetics during the 40cm drop jump landing (40DJ), the knee height 

drop jump landing (KneeDJ), and the maximum CMJ drop jump landing (MaxDJ). Mean (SD). 

Variables Male (n=12) Female (n=12) 

Angles (°) 40DJ MaxDJ KneeDJ 40DJ MaxDJ KneeDJ 

Hip peak Flexionᴥ 52.86  

(16.4) 

52.22  

(16.1) 

49.66 

(15.9) 

54.03  

(10.7) 

50.23 

(10.3) 

50.69  

(10.4) 

Hip peak 

adduction/abduction^~
 

-1.97  

(5.2) 

-2.73  

(6.5) 

-0.44  

(5.1) 

3.21  

(4.9) 

2.90  

(4.4) 

2.64  

(4.6) 

Knee peak Flexion*+ᴕᴥ 73.80  

(11.0) 

74.96  

(12.0) 

69.21 

(12.6) 

70.18  

(7.2) 

65.72  

(7.9) 

64.73  

(7.6) 

Knee peak 

adduction/abduction^~"
 

-4.22  

(8.8) 

-2.82  

(9.6) 

-3.24  

(7.3) 

-12.11  

(8.2) 

-11.41  

(8.0) 

-10.83  

(8.4) 

Ankle peak  

dorsiflexion+ ᴕᴥ 

23.38 (5.4) 24.79 (4.9) 22.03 

(5.3) 

23.19 

(3.1) 

21.31 

(2.3) 

21.43 (3.0) 

Ankle peak 

inversion/eversion 

5.39 (3.9) 5.96 (5.0) 5.25 (3.0) 2.89 (4.3) 3.86 (3.1) 4.03 (3.4) 

Moments (Nm/kg) (n=8) (n=6) 

Hip peak 

flexion/extension 

-1.23 (0.8) -1.22 (0.8) -0.88 (0.6) -0.85 (0.5) -0.61 (0.5) -0.63 (0.4) 

Hip peak 

adduction/abduction 

-0.09 (0.4) -0.41 (0.7) -0.36 (0.4) -0.54 (0.2) -0.63 (0.3) -0.68 (0.3) 

Knee peak 

flexion/extension 

-2.56 (0.6) -2.66 (0.5) -2.43 (0.5) -2.37 (0.6) -2.25 (0.5) -2.22 (0.5) 

Knee peak 

adduction/abduction 

-0.61 (0.4) -0.59 (0.5) -0.46 (0.3) -0.18 (0.2) -0.39 (0.3) -0.42 (0.2) 

Ankle peak 

plantar/dorsiflexion 

-2.39 (0.6) -2.48 (0.6) -2.36 (0.5) -2.18 (0.5) -2.11 (0.5) -2.04 (0.4) 

Ankle peak 

inversion/eversion 

-0.07 (0.1) -0.10 (0.1) -0.11 (0.1) -0.11 (0.1) -0.07 (0.1) -0.06 (0.1) 

Power (W/kg) (n=8) (n=6) 

Hip Peak Generation 3.37 (2.7) 1.78 (2.7) 2.31 (2.2) 1.84 (0.8) 1.53 (1.1) 1.62 (1.1) 

Knee Peak Generation 9.95 (4.9) 9.02 (7.5) 9.15 (4.9) 8.74 (3.6) 9.21 (2.9) 9.20 (2.9) 

Ankle Peak Generation 11.15 (3.7) 12.05 (3.7) 12.02 

(3.3) 

8.67 (2.1) 10.1 (2.8) 10.39 (3.1) 

^Significant difference at p<0.05 for 40cm drop jump height between genders 

~Significant difference at p<0.05 for max drop jump height between genders 

"Significant difference at p<0.05 for knee drop jump height between genders 

*Significant difference at p<0.05 with bonferroni correction between 40cm and knee drop jump height in males 

+Significant difference at p<0.05 with bonferroni correction between max and knee drop jump height in males 

ᴕSignificant difference at p<0.05 with bonferroni correction between 40cm and knee drop jump height in females 

ᴥSignificant difference at p<0.05 with bonferroni correction between 40cm and max drop jump height in females 

NOTE: negative vaules represent hip and knee extension and abduction and ankle plantar flexion and eversion. 

 

 

 

 Although differences were seen between sexes in the frontal plane kinematics for the 

40DJ, knee DJ, and the max DJ, the electromyography of the GMed and additional muscles 

collected showed no significant differences between genders at all 3 drop jump heights. See 

Table 3.  
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Table 3. Integrated EMG (iEMG), peak EMG, and onset of the gluteus medius (GMed), gluteus 

maximus (GMax), vastus lateralis (VL), rectus femoris (RF), and biceps femoris (BF)during the 

40DJ, kneeDJ, and the maxDJ comparing male and female athletes. Mean (SD). 

 IEMG Peak EMG  Onset (%) 

 Male Female Male Female Male Female 

Muscles at 40DJ 

GMed 35.99 (23.9) 38.01 (24.4) 0.98 (0.6) 1.02 (0.6) 46.80 (13.1) 50.74 (5.3) 

GMax 29.07 (15.8) 30.85 (9.2) 0.75 (0.5) 0.69 (0.2) 47.46 (17.5) 46.22 (11.0) 

VL 69.74 (30.7) 80.72 (36.1) 1.85 (0.9) 2.14 (1.1) 38.37 (5.1) 34.77 (6.0) 

RF 49.81 (22.4) 54.18 (32.7) 1.25 (0.5) 1.24 (0.8) 39.65 (7.0) 38.48 (4.7) 

BF 17.77 (10.0) 26.93 (10.3) 0.46 (0.3) 0.52 (0.2) 47.73 (15.4) 38.95 (16.7) 

Muscles at maxDJ 

GMed 36.48 (23.0) 31.00 (21.7) 1.00 (0.6) 0.77 (0.5) 49.42 (17.1) 55.47 (8.8) 

GMax 28.99 (13.2) 28.96 (9.7) 0.75 (0.4) 0.68 (0.3) 51.58 (19.1) 47.48 (11.0) 

VL 69.74 (33.3) 74.45 (29.9) 1.86 (1.1) 2.10 (1.0) 37.46 (5.2) 36.82 (5.5) 

RF 50.22 (25.9) 49.39 (23.9) 1.22 (0.6) 1.37 (0.9) 38.40 (7.7) 40.53 (5.8) 

BF 17.50 (9.5) 25.23 (8.5) 0.44 (0.3) 0.49 (0.1) 46.34 (16.8) 41.32 (14.0) 

Muscles at kneeDJ 

GMed 32.36 (19.8) 34.02 (25.0) 0.87 (0.6) 0.86 (0.6) 48.07 (7.9) 51.86 (6.9) 

GMax 29.70 (15.3) 29.09 (9.6) 0.69 (0.4) 0.70 (0.3) 48.00 (11.6) 51.34 (8.7) 

VL 62.89 (34.6) 74.89 (34.4) 1.68 (1.0) 2.07 (1.1) 39.65 (5.5) 37.14 (4.0) 

RF 46.77 (22.0) 49.30 (24.8) 1.76 (1.0) 2.07 (1.1) 43.13 (6.9) 42.33 (2.2) 

BF 19.43 (11.1) 22.96 (9.6) 0.39 (0.2) 0.48 (0.2) 40.10 (19.0) 38.02 (17.6) 

*significant difference at p<0.05 between male and female athletes 

 

 

  No correlation was seen between peak fontal plane knee angle and peak GMed EMG at 

the 40DJ, r=-0.132, p=0.568, the maxDJ, r=0.055, p=0.813, and the kneeDJ, r=0.190, p=0.409. 

Frontal plane kinematics and kinetics are shown in Figure 1 for the 40DJ and Figure 2 for the 

maxDJ. The start of the analyzed landing cycle is 0% which represents 200ms before initial 

ground contact. Therefore, it is possible that male and female athletes are already planning to 

land in their normal landing pattern. 
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  To determine the maxDJ height for each participant, a maximum countermovement 

jump was performed where males jumped significantly higher than females (p<0.001). Male 

athletes averaged a maximum CMJ height of 43.00 ±7.98 cm, while female athletes averaged a 

maximum CMJ height of 27.33 ±4.9 cm. For the kneeDJ, males had significantly longer tibial 

lengths compared to females (p<0.001), where males averaged a length of 21.63 ±1.1 cm and 

females averaged a length of 19.83 ±0.7 cm.  

When comparing the lower limb variables between the three drop jump heights for 

competitive athletes, significant differences were only seein in the sagittal plane kinematics 

(Table 4). The 40DJ compared to kneeDJ had significant differences for peak knee flexion 

(p<0.001) and peak ankle dorsiflexion (p=0.003). These differences were all significantly larger at 

40DJ compared to the kneeDJ. Peak knee flexion (p<0.001) and peak ankle dorsiflexion 

(p=0.003) were also significantly greater during maxDJ compared to the kneeDJ.  

Table 4. Sagittal plane kinematics and kinetics comparing the 40cm drop jump landing (40DJ), 

the knee height drop jump landing (KneeDJ), and the maximum CMJ drop jump landing (MaxDJ) 

for competitive athletes. Mean (SD). 

Variables 40DJ 

(n=24) 

MaxDJ 

(n=24) 

KneeDJ 

(n=14) Peak Angles 

Hip Flexion 53.44 (13.6) 51.22 (13.3) 50.17 (13.2) 

Knee Flexion*+ 71.99 (9.3) 70.34 (11.0) 66.97 (10.4) 

Ankle Dorsiflexion*+ 23.29 (4.3) 23.05 (4.1) 21.73 (4.3) 

Peak Moments (Nm/kg) (n=14) (n=14) (n=14) 

Hip Extension -1.07 (0.7) -0.96 (0.7) -0.77 (0.5) 

Knee Extension -2.48 (0.5) -2.48 (0.5) -2.34 (0.5) 

Ankle Plantar flexion -2.30 (0.5) -2.32 (0.5) -2.22 (0.5) 

*Significant difference at p<0.05 with bonferroni correction between 40cm and knee drop jump height 

+Significant difference at p<0.05 with bonferroni correction between max drop jump height and knee drop jump 

height 

 

Electromyography data showed that the gluteus medius peak electromyography (GMed 

peakEMG) was significantly greater at the 40DJ compared to the kneeDJ (p=0.039). The RF 

peakEMG was significantly greater during the kneeDJ compared to the maxDJ (p=0.017). For 

onset, a significant difference was only seen in the rectus femoris muscle, where onset occurred 
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significantly earlier during the 40DJ compared to the kneeDJ (p=0.007) and the maxDJ compared 

to the kneeDJ (p=0.023). See Table 5. 

Table 5. Electromyography, normalized by MVC, comparing the 40cm drop jump landing (40DJ), 

the knee height drop jump landing (KneeDJ), and the maximum CMJ drop jump landing (MaxDJ) 

for competitive athletes. Mean (SD). 

 40DJ 

(n=24) 

MaxDJ 

(n=24) 

KneeDJ 

(n=24) 

MUSCLES iEMG 

(mV*s) 

Peak 

(%MVC) 

Onset 

(%) 

iEMG 

(mV*s) 

Peak 

(%MVC) 

Onset 

(%) 

iEMG 

(mV*s) 

Peak 

(%MVC) 

Onset 

(%) 

GMed*
(peak)

 36.9 

(23.5) 

1.00 

(0.6) 

48.0 

(10.6) 

34.0 

(22.0) 

0.90 

(0.6) 

49.5 

(9.8) 

33.1 

(21.7) 

0.87 

(0.6) 

50.0 

(7.5) 

GMax 30.4 

(12.6) 

0.73 

(0.4) 

46.5 

(14.4) 

29.0 

(11.3) 

0.71 

(0.4) 

49.5 

(15.4) 

29.4 

(12.4) 

0.70 

(0.3) 

49.7 

(10.1) 

BF 22.6 

(11.0) 

0.49 

(0.3) 

41.6 

(16.3) 

21.5 

(9.6) 

0.46 

(0.2) 

42.3 

(14.0) 

21.3 

(9.0) 

0.44 

(0.2) 

38.9 

(17.7) 

VL 75.0 

(33.0) 

2.0 

(1.0) 

36.6 

(5.8) 

72.0 

(31.0) 

2.0 

(1.0) 

37.1 

(5.3) 

68.6 

(34.2) 

1.9 

(1.0) 

38.4 

(4.9) 

RF
)
*

(onset)+(peak & 

onset) 
56.7 

(35.2) 

1.5 

(1.3) 

39.1 

(5.9) 

49.8 

(24.3) 

1.3 

(0.8) 

39.5 

(6.7) 

48.1 

(23.0) 

1.9 

(1.1) 

42.7 

(5.1) 

*Significant difference at p<0.05 with bonferroni correction between 40cm and knee drop jump height 

+Significant difference at p<0.05 with bonferroni correction between max drop jump height and knee drop jump 

height 

 

When looking at male and females individually in post hoc tests, male athletes showed 

significant differences in sagittal plane kinematics (Table 2). The peak knee flexion angle was 

significantly greater at the 40DJ compared to the kneeDJ (p=0.039), as well as the maxDJ 

compared to the kneeDJ (p<0.001). See Figure 3. No significant difference was found between 

maxDJ and 40DJ for peak knee flexion in male athletes (p=1.000). The peak ankle dorsiflexion 

was only significantly greater in the maxDJ compared to the kneeDJ in male athletes (p<0.001). 

Male athletes also showed a significantly higher rectus femoris peakEMG at the kneeDJ 

compared to the maxDJ (p=0.032). No significant differences were seen in any of the lower limb 

variables between the maxDJ and 40DJ in male athletes. 

 Female athletes also showed significant differences in the sagittal plane kinematics, as 

well as in gluteus medius and rectus femoris EMG data (Table 2 & Table 3). The peak hip flexion 

angle was significantly larger in the 40DJ compared to the maxDJ (p=0.016). The peak knee 
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flexion angle was significantly greater in the 40DJ compared to the kneeDJ (p=0.015) and the 

maxDJ (p=0.002). See figure 3. The ankle dorsiflexion angle was also significantly greater in the 

40DJ compared to the kneeDJ (p=0.030) and the maxDJ (p=0.013). For EMG data (Table 3), 

female athletes had significantly higher GMed iEMG at 40DJ compared to the maxDJ (p=0.025), 

as well as a significantly higher GMed peakEMG at 40DJ compared to the maxDJ (p=0.035). The 

onset of the resctus femoris was significantly earlier in the kneeDJ compared to the 40DJ 

(p=0.037). No significnat differences were seen between the kneeDJ and the maxDJ for female 

athletes. 
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Figure 3: Average sagittal plane knee angle at each drop jump height for female athletes (A) and 

male athletes (B). 40DJ: 40cm drop jump, maxDJ: maximum countermovement drop jump, 

kneeDJ: tibial length drop jump. IC: initial foot contact.Landing cycle (200ms before IC to 250ms 

after IC). * Significant difference between drop jump heights.  
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DISCUSSION 

 It was hypothesized that female athletes would demonstrate different landing patterns 

and muscle activity compared to male athletes, specifically a different pattern between sexes in 

GMed muscle activity. To verify this, hip and knee kinematics and kinetics, and lower limb 

muscle activity were studied  with 3D motion analysis and electromyography for 12 males and 

12 females during drop jump landing tasks.  The results obtained for this study revealed 

differences in the frontal plane kinematics between male and female athletes at the 40DJ and 

maxDJ heights (statistical power: hip at 40DJ = 67.5%, knee at 40DJ = 58.5%, hip at maxDJ = 

65.9%, knee at maxDJ = 62.2%).  In the most part, the results confirmed the hypotheses for the 

frontal plane kinematics.  However, the electromyography results were not able to prove the 

hypotheses, most importantly this study showed no significant differences between sexes for 

the muscle activity and onset of the gluteus medius muscle.  The gluteus medius is the main 

muscle responsible for hip abduction and to reduce hip internal rotation (Clark & Haynor, 1987), 

and although significant differences were found between male and female athletes in the hip 

frontal plane kinematics, the gluteus medius muscle seemed to act similar for both men and 

women in onset, iEMG, and peak muscle activity.   

 The lack of difference in GMed activity between sexes has been shown in previous 

studies where a group of 22 soccer and track athletes (13 females, 9 males) performed drop 

jump landings from 30.5cm-45.8cm, with surface EMG, and no significant difference was seen in 

GMed activity.  However, females displayed lower GMax EMG activity compared to males 

(Zazulak et al., 2005). This was not seen in the current study where all other muscles under 

analysis, including the GMax, showed no significant differences between sexes.  Russell et al. 

(2006) also showed no difference in gluteus medius muscle activity between sexes (16 males, 16 

females).  Their study analyzed a 60cm single-leg drop jump, using surface EMG and 3D motion 
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analysis, with a study population of healthy subjects where activity level was unknown. The 

above study did not report hip kinematics and kinetics, however did show a significant 

difference between sexes for the frontal plane knee angle. At initial contact, females landed in a 

valgus position while male athletes landed in a varus position. At maximum knee flexion Russel 

et al. (2006) showed that although still significantly different, both men (15.26 ± 9.41°) and 

women (3.13 ± 6.84°) had varus knee angles.  This contradicts the current study results where 

peak frontal plane knee kinematics demonstrated female athletes have significantly greater 

knee valgus angles (-12.10 ± 8.2°) compared to male athletes (-4.22 ± 8.8°). 

 A previous study that showed difference between sexes in GMed activity was conducted 

by Hart et al. (2007), where 8 male and 8 female division-one soccer athletes performed a 

single-leg forward jump.  Surface EMG was collected for the gluteus medius, along with 

hamstrings, quadriceps, and gastrocnemius muscles, where results showed that the average 

gluteus medius activity was significantly higher in males compared to females. There was no 

significant difference between sexes for any other muscles collected (Hart et al., 2007).  Hart et 

al. (2007) did not look at kinematics and kinetics during the forward jump, therefore it is unable 

to relate the difference in GMed activity to a possible sex difference in hip alignment. The main 

difference in this study was the task performed by the athletes, where a single leg forward jump 

may place different demands on lower extremity muscles compared to a drop jump task.  

However, a study of intertask comparisons compared frontal plane knee position and moment 

in female athletes across different tasks concluded that female athletes who demonstrate high 

ACL risk knee-position and loading are likely to do so across tasks (Harty et al., 2009). Also, all 

the above studies used surface EMG to detect GMed activity, when the gluteus medius muscle is 

a deep muscle, hidden by the gluteus maximus muscle and gluteal aponeurosis. Therefore, by 

using intramuscular electrodes to detect the activity of the GMed muscle, this would provide a 



   49

more accurate reading of the GMed activity for the measured task.  However, result still 

coincided with the majority of studies investigating the GMed muscle during landings, where no 

difference in activity exists between male and females in the drop jump task. There was also no 

correlation found between the GMed activity and the frontal plane knee kinematics during drop 

jumps, suggesting that the GMed activity may not be a factor in controling lower limb alignment 

during landing. 

 Despite no significant difference in GMed activity between sexes, female athletes 

displayed a significantly great hip adduction angle compared to male athletes, which is 

associated with a high-risk lower extremity position that may lead to a non-contact ACL injury 

(Ireland, 1999).  These results are supported in literature where females are prone to a valgus 

collapse during deceleration movements, such as landing from a jump (Decker et al., 2003; 

Hewett et al., 2006; Malinzak et al., 2001). Literature also shows a sex difference in the sagittal 

plane where female athletes land in a more erect position (Decker et al., 2003, Laundry et al., 

2007), however results show no significant differences between sexes in the sagittal plane 

kinematics and kinetics at the 40DJ and maxDJ heights. 

 This study also looked at the effect of drop jump height, where it was hypothesized that 

lower limb sagittal plane angles and moments of force would increase as drop jump height 

increased and that sex differences would be more prominent at greater heights. The results 

obtained in this study confirmed the hypotheses, revealing differences in the sagittal plane 

kinematics between different drop jump heights and a larger number of sex differences at 

greater drop jump heights. 

With males having a maximum jump height larger than 40cm and females preforming a 

maximum jump height less than 40cm, this may show the lack of control in females landing since 

they do not reach a height of 40cm during their jumping maneuvers in sports. Therefore, trying 
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to land from a height greater than their maximum jump height may increase the lack of control 

and improper technique during landing. On the other hand, male athletes have more experience 

landing from a 40cm jump height, and may show more control in their landing patterns. Bobbert 

et al (1987) showed that if the landing technique is altered, the chances of an off-balanced 

landing and high impact forces increased. Therefore, it may be unrealistic to study landing 

techniques of male and female athletes from the same drop jump height, since the majority of 

female athletes cannot perform jumps as high as male athletes and have less experience landing 

from greater drop jump heights. 

At the kneeDJ height, the only sex difference was seen at the peak knee abduction 

angle, which is a common difference seen in literature (Decker et al., 2003; Hewett et al., 2006; 

Malinzak et al., 2001). This landing height may be assumed common between sexes since both 

male and females’ kneeDJ heights were similar and less than their maximum countermovement 

jump height. Therefore landing from a height of approximately 20cm is frequent for both sexes 

in their sporting activities resulting in better controlled landings. 

The difference between each drop jump height showed no significant differences in the 

frontal plane (Table 7). However, frontal plane differences were seen when comparing sexes at 

each drop jump height. This may suggest that the height of the drop does not alter an 

individual’s frontal plane kinematics and kinetics during landing. If the individual is prone to a 

high risk position, this may show that they are more likely to land in this high risk position at any 

height compared to individuals with low-risk landing positions. A study conducted by Yeow et al. 

(2009) also did not report any significant differences for frontal plane kinematics between a 

30cm and 60cm drop jump height. However, it must be noted that when male and female 

athletes are combined into one group for statistical tests, there is much greater variability within 

the group for each landing variable, compared to a group of just male or female athletes. 
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Women showed significant differences in sagittal plane kinematics between the 40DJ 

and max DJ, while men showed significant differences between the maxDJ and the kneeDJ. Both 

male and female athletes showed significant differences between 40DJ and kneeDJ at the peak 

knee flexion, as well as the peak ankle dorsiflexion for females. It has been suggested that male 

and female athletes have different optimum dropping heights which allow them to achieve a 

maximum vertical jump (Bobbert, 1990; Komi and Bosco, 1978). At the 40DJ, female athletes 

may have been experiencing more of an overload compared to male athletes since females 

more commonly land from heights much lower than 40cm. This is supported by Komi and Bosco 

(1978) where they report the optimal dropping height for male physical education students is 

0.63m, while females is 0.48m. Although, athletes in this study were only landing from 40cm, 

female athletes were much closer to their optimal height compared to the male athletes. Also, 

the subject population in the current study was much older than the high school athletes used in 

Komi and Bosco’s (1978) study. 

 This study’s strength include the use of intramuscular electrodes to detect the activity of 

the GMed muscle in different heights of drop jump, as well as the use of competitive athletes. 

This study is also one of the first to study to look at the effect of drop jump heights between 

sexes. A main limitation of this study may be the inter-subject differences in landing style. It has 

been shown that contact time may affect lower limb variables in landing (Walsh et al., 2004). By 

having the participants focus on forefoot landing with minimal heel drop, contact time was 

controlled to a certain degree. However this study’s main objective was to focus on the effect of 

drop jump height on participant’s lower limb kinematics and kinetics, therefore the participants 

were asked to perform their natural landing style. Therefore, it was assumed that the 

participants were landing in their natural landing style even with the invasive protocol of a tight 

fitting suit, wire across their body, and intramuscular electrodes in the GMed muscle.  The 
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placement of the GMed intramuscular electrode was controlled by having the same registered 

nurse insert it for each participant using the same technique; however, we were unable to verify 

that the intramuscular electrode was in the same portion of the muscle for each participant. 

Another limitation is the use of stick on reflective markers to measure joint kinematics, when 

the participants are performing high impact landings. With these high impacts, vibrations occur 

and the reflective markers move over the anatomical landmarks that were originally used for 

marker placement. This may cause an innate degree of error in the kinematic measurements. 

The sex ratio is unequal for the kinetic data in the study due to unusable data; the increased 

number of males could have skewed results, along with the much smaller sample size for 

kinetics. Also, fitness strength and condition testing was not done with participants, therefore 

the influence of measured fitness on GMed activity could not be considered, however MVCs 

were collected to minimize this effect.  Future work should include electromyography of a 

greater number of hip muscles, and ideally all three portions of the GMed muscle to further 

decipher if the greater hip adduction in female athletes can be attributed to a possible decrease 

in activity of hip musculature.  

 This study concluded that sex differences occur in the frontal plane kinematics during 

drop jump tasks.  It also detected no significant difference in GMed activity and onset between 

male and female athletes with the use of intramuscular electrodes, although hip adduction and 

knee valgus still occurred in female athletes. Also, with female athletes commonly achieving 

lower jumping heights compared to male athletes, when drop jumps are performed from 

greater heights, females tend to have less experience landing from these heights compared to 

males. Females showed a greater number of significant differences between the 40DJ and 

kneeDJ, while male athletes primarily had significant differences between the maxDJ and 

kneeDJ. This suggests that studying male and female landing patterns at the same drop jump 
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height may not show realistic sex differences. This study also showed that different landing 

heights only affected sagittal plane kinematics, and no differences were seen in frontal plane 

kinematics between different drop jump heights. Therefore if an athlete is prone to hip 

adduction and knee valgus, this may be prominent at all landing heights compared to an athlete 

that does not display a high risk landing position. 
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General Discussion 

 
The hip’s role in lower limb kinematics and kinetics has recently become a primary focus 

when studying ACL injuries, risks, and prevention techniques. It is thought that the abduction of 

the knee leading to a higher risk of ACL injury may be caused due to a misalignment and/or 

weakness of the hip during decelerating movements (Hewett et al., 2005b; Pollard et al., 2007; 

White et al., 2003). Literature has shown that during decelerating movements females are prone 

to a valgus collapse (Hewett et al., 2006).  This increased hip adduction in female athletes during 

sporting maneuvers leads to greater knee abduction and increased loading on the ACL (Decker 

et al., 2003; Hewett et al., 2006). The purpose of the current study was to analyze the effect of 

the gluteus medius muscle activation patterns on the dominant lower limb 3D kinematics and 

kinetics between male and female athletes performing drop jumps from three heights. 

Kinematics, kinetics, and electromyography during the drop jumps were compared between 

sexes to determine if women demonstrated a different peak magnitude of gluteus medius 

muscle activity compared to men when performing this high ACL injury risk task. According to 

White et al. (2003), the hip increases the valgus torques due to muscle imbalances and 

decreased activation of hip musculature. However, there is minimal literature that specifically 

looks at the effect of hip musculature on lower limb alignment.  

 Three different variables  of gluteus medius activity were studied; IEMG, peakEMG, and 

onset. For all variables, male and female athletes had statistically similar GMed muscle activity 

for each drop jump height (Table 3). It is interesting to note that although not significant, the 

onset of the GMed muscle in females occurred approximately 22-36ms after initial contact, 

while the onset in male athletes occurred only approximately 2-13ms after initial contact. No 

study has looked at GMed muscle onset during drop jump tasks, so we were unable to confirm 

these results. A larger sample size possibly would have shown statistically significant results. This 
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possible difference may help explain the reason females land with greater hip adduction and 

knee valgus. However, this study was not able to confirm the hypotheses, therefore, we cannot 

conclude that the gluteus medius activity is different between men and women and does not 

affect lower limb alignment during decelerating maneuvers. 

 These results are supported by Zazulak and colleagues (2005) and Carcia and Martin 

(2007), who showed no significant differences in GMed activity during drop jumps between 

sexes. However, both studies only looked at surface electromyography data and did not perform 

a motion analysis. Therefore it is unknown whether the kinematics and kinetics differed 

between sexes. Similar to the current study, both these studies used a drop jump task to 

compare sexes, however Zazulak et al., (2005) used a single-leg drop jump. A single-leg drop 

jump may require more muscle stability to prevent falling over, and may explain why their 

results showed a significant difference in peak and mean GMax activity between sexes (Zazulak 

et al., 2005), while the current study showed no significant difference between sexes for this 

muscle.  

 A third study supported the current results for GMed activity between sexes, however 

the knee kinematics that were also recorded showed females had a valgus angle at initial 

contact and moved into a varus angle at maximum knee flexion during the 60cm single-leg drop 

jump landing (Russell et al., 2006). The current study showed that female athletes landed in 

knee valgus and never corrected it throughout the landing motion (Figure 1 and Figure 2). 

Female athletes also demonstrated greater hip adduction compared to male athletes, however 

Russell et al (2006), did not report this variable, which would have been an asset in the study to 

see if the change in female knee position was linked with a change in hip position. 

 The only study that contradicted the current results for gluteus medius activity was Hart 

et al., (2007), where female competitive soccer athletes had a much lower RMS value 
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(2.62±0.95) compared to male competitive soccer athletes (7.16±3.16).  However, with no other 

variables being recorded, it is not known if lower limb kinematics or kinetics were different 

between the athletes in this study, therefore there is no possible explanation for the difference 

in gluteus medius activity. 

While these studies record gluteus medius activity during decelerating movements, 

there is no study, to our knowledge, that provide complete lower limb analysis during these ACL 

injury high risk mechanisms. Also, all the studies used surface electrodes to detect the GMed 

activity even though this muscle is considered a deep muscle being covered by the gluteus 

maximus and a thick fascia, therefore the use of intramuscular electrodes may detect activity 

more accurately (Bouisset & Maton, 1972; Oberg et al., 1992). 

  Although this study supports previous work that there is no difference in gluteus 

medius activity between sexes (Carcia & Martin, 2007; Russell et al., 2006; Zazulak et al., 2005), 

these studies look at the task of landing from a drop jump, while a sex difference was seen 

during a forward jump task (Hart et al., 2007). The current results did not verify the main 

hypothesis and it cannot be concluded that a less active gluteus medius muscle in female 

athletes may be a reason for their high risk positioning leading to ACL injury. Therefore, future 

research should focus on hip muscle activity, including all three portions of the GMed, between 

sexes during a number of different tasks, such as forward jumps, drop jumps, the whole jump 

cycle, side cutes, etc. 

This study also compared the three drop jump heights to determine if height had an 

effect on dominant lower limb three-dimensional kinematics, kinetics, and electromyography. It 

was hypothesized that as drop jump height increases, sagittal plane kinematics and muscle 

activity would increase to help the body absorb the larger ground reaction force.  
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 Results showed no significant differences in the frontal plane variables between the 

three drop jump heights, however, significant differences were seen in the sagittal plane for 

both male and female athletes. Males showed significant differences between the maxDJ and 

the kneeDJ, while females showed significant differences between the 40DJ and the maxDJ. This 

may show that investigating landing patterns between sexes at the same drop jump height can 

lead to different results due to the inexperience or lack of overload in one group compared to 

the other. For example, in this study, the male athletes had a maxDJ higher than 40cm, while the 

female athletes had a maxDJ much lower than 40cm. Therefore, having the female athletes 

perform a normal landing pattern from a 40cm dropping height may accentuate their lack of 

control and experience in landing from jumps at this height, while male athletes can execute 

their normal landing pattern since they can land from higher heights. Komi and Bosco et al., 

(1978) have determined that the optimal dropping height for male physical education students 

was 0.63m, while the height for female students was 0.48m. These heights are higher than the 

maxDJ height for each sex, therefore they are subjected to muscle overloading and landing from 

heights that they do not normally experience. 

 Results also showed no significant differences in the frontal plane between drop jump 

heights, even though they differ between sexes at each drop jump height. Therefore, if a high 

risk position is seen at one height, it may be seen at all heights. Similar to these results, Harty et 

al., (2009) showed that high ACL risk frontal plane knee positioning and moment in female 

athletes are seen across different tasks. 

 Limitations in this study should be considered when referring to the results. A main 

limitation is due to the use of intramuscular electrodes being uncomfortable for the participant 

while preforming MVCs or drop jumps.  They may have limited the participant from performing 

a true MVC or normal landing pattern because of pain or the knowledge of a wire being in their 
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hip muscle. Although most participants said that after moving around for a while, the 

intramuscular electrode was not painful, it sometimes lead to cramping during MVC 

performance. This mainly happened in male participants, and even though these MVC trials 

were discarded, if they did not give their full effort during the hip abduction MVC, then this may 

have heightened their normalized data, possibly leading to closer male and female athlete 

muscle activity results.  However, results from a bilateral landing study supported our results, 

showing no significant difference in GMed activity between males and females (Carcia & Martin, 

2007). Also, the invasive techniques and amount of equipment each participant had to wear to 

perform the drop jumps may have caused the participant to not land in their normal landing 

pattern. Although each participant was told to land as normal as possible and each participant 

had the same amount of equipment on, some participants felt more restrained compared to 

others. 

 Another limitation is the sample size used in this study. Twenty-four participants is not a 

small number, however, additional subjects may have revealed statistically significant results for 

the onset of gluteus medius activity, demonstrating females have a late onset compared to male 

athletes. Also, due to unusable data, the kinetics analyzed in this study had a much smaller 

sample size, possibly affecting significance. This study, furthermore, only looked at competitive 

soccer and volleyball players, therefore the results are not able to be generalized to athletes 

playing in other sports than the ones included in the study. Since this study focused on gluteus 

medius activity, a limitation may include that fitness strength and condition testing was not 

done with participants, therefore the influence of measured fitness on GMed activity was not 

considered. This effect was minimized by collecting MVC data. 

 Some inherent errors that are present in this biomechanical analysis include the skin 

based marker system used for 3D motion analysis. The location of the centre of rotation is 
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determined by the placement of these markers, however during movement, the skin moves 

over the bony landmarks used to place the markers, not predicting definite movement of the 

bones and centre of rotations. Electromyography data is also difficult to quantitatively interpret, 

even though standard procedure of normalizing with MVC data is used. The high impact landing 

of drop jumps can cause large movement artifacts, and surface electrodes may pick up cross-

talk. This was minimized by the use of filters and checking each signal before the drop jump task 

was performed. 

  In conclusion, this study confirmed women and men show different landing patterns, 

mainly in the frontal plane, however gluteus medius activity was similar between sexes. Having 

the participants drop from three heights allowed us to see if height had an effect on lower limb 

alignment, where there was no significant difference in the lower limb frontal plane 

biomechanics. Although there was no statistical difference in gluteus medius activity between 

sexes for the bilateral drop jump, a difference has been seen in forward jump tasks (Hart et al., 

2007). This shows that future research should compare hip muscle activity while incorporating a 

variety of decelerating movements that are associated with a higher risk of ACL injury. This study 

is also limited to the peak, integrated, and onset values of electromyography data, where future 

studies should consider other measures of EMG, such as time to peak amplitude or relation of 

peak amplitude to peak kinematics. Also, several muscles associated with hip biomechanics 

should be analyzed to see if sex difference exists during decelerating maneuvers, including the 

three portions of the gluteus medius muscle.  The ultimate goal of this topic in research is trying 

to reduce the large number of non-contact ACL injuries in athletes, especially female athletes. 
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