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ABSTRACT 

THESIS:   Prophylactic ankle stabilizers and their effect on lower extremity landing 

mechanics during drop jump landings to fatigue 

 

STUDENT:   Tameka A. Clanton 

DEGREE:   Master of Science 

DATE:   July 2009 

PAGES:   93 

 The impact forces at landing are predominately absorbed by the hip, knee 

and ankle joints. Fatigue has been shown to increase the amount of work performed by 

the ankle and to reduce the work performed by the knee during landings. The purpose of 

this study was to assess the kinematic lower extremity motion and kinetic patterns during 

landings to fatigue, with and without ankle brace usage.  Nine recreationally active males 

(n = 7) and females (n = 2) performed repetitive drop jumps to fatigue for an un-braced 

and braced condition. Kinematic and kinetic variables were assessed during the first 100 

ms after ground impact.  Due to the high skill level of the participants, none of the 

individuals reached a fatigued state.   No significant main effect of fatigue was 

demonstrated on ankle work (p= 0.260). There was no significant main effect due to 

fatigue on the hip (p= 1.000), knee (p= 1.000) or ankle (p= 0.636) relative work 

contributions. Fatigue caused a shift toward a more erect landing position at initial 

ground contact (IGC).  No significant main effect of the brace on hip (p= 0.437), knee 

(p= 0.283) or ankle (p= 0.314) angles was observed at IGC angles. The use of Ankle 

Stabilizing Orthosis® (ASO) ankle braces caused a shift toward greater knee contribution 
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in a fatigued state.  Plantar flexion angles were decreased the most during the braced un-

fatigued condition.  There was an inverse relationship between knee and hip angles as 

compared to ankle angles at IGC.  When the hip and knee joint displayed less flexion at 

IGC, the ankle balanced the positions out by landing in more plantar flexion.   
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NOMENCLATURE 

ACL- Anterior cruciate ligament 

GRF- Ground reaction forces 

ROM- Range of motion 

VGRF- Vertical ground reaction forces 

PATF- peak proximal tibial anterior shear force  

BW- Body weight 

CoM- Center of mass 

F1- Force peak one 

F2- Force peak two 

HT- Heel toe 

SL – Landing with the legs straight 

 SLT- Landing with the legs straight while landing on the toes 

 SLF- Landing with the legs straight while flatfooted   

ASO- Ankle Stabilizing Orthosis ® 

UU- Un-braced un-fatigued  

UF- Un-braced fatigued 

BU- Braced un-fatigued 

BF- Braced fatigued



 

 

CHAPTER 1 

 

DEVELOPMENT OF THE PROBLEM 

 

 

 

INTRODUCTION 

 Landing from a jump is a common movement task in many sports and training 

activities [1].  Landings result in  ground reaction forces (GRF) on the body that are 

primarily absorbed by the lower extremity musculoskeletal system thru joint motion and 

muscle activity [2].  If the body is unable to accommodate greater impact loads, the risk 

for injury may increase.  Biomechanical and neuromuscular landing differences often 

observed in females have been labeled as predisposing risk factors associated with 

anterior cruciate ligament (ACL) sprains.    The risk for injury is increased in both 
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genders when the onset of fatigue is present. In a fatigued state there is a greater reliance 

on the ankle musculature to absorb the GRF.  Often times jumping athletes wear ankle 

braces which may restrict the available joint motion at the ankle. It is unclear of how 

restricting ankle joint range of motion (ROM) may affect the overall energy absorption 

properties seen in the lower extremity. 

During the landing phase of a jump, vertical ground reaction forces (VGRF) cause 

the lower extremity joints to collapse.  The hip and knee joints accelerate into flexion 

while the ankle joint accelerates into dorsiflexion. The body will counteract these forces 

through predominately eccentric activity of the lower extremity muscles.  Most of the 

kinetic energy absorbed during impact is through sagittal plane movement.  Muscular 

work values at the hip knee and ankle are frequently used to characterize how much each 

joint is contributing to absorbing the GRF.  

Landing stiffness has affected the amount and location of where energy was 

absorbed during a landing [3]. Devita and Skelly (1992) demonstrated that the muscular 

system dissipated more of the GRF during soft landings as compared to stiff landings.  As 

a result, the other surrounding tissues, notably the skeletal system, absorbed more energy 

and were exposed to greater stress in the stiff landing condition.  The relative joint 

contribution indicated that the ankle plantar flexors and the knee extensors were the 

muscle groups primarily responsible for reducing the body’s kinetic energy. However, as 

the landing stiffness increased the relative contribution of the hip and knee decreased 

while ankle plantar flexors contribution increased [3].   

Biomechanical differences exist in landing strategies between genders.  Females 
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predominately utilized the knee extensors and ankle plantar flexors muscles to absorb the 

GRF.  Males utilized the hip and knee musculature to absorb the impact forces.  Females 

experienced greater ROM, often land in a more erect body position, and generate greater 

peak VGRF as compared to the males at initial ground contact [4].  A more erect body 

position at impact has been associated with greater VGRF and an increased risk of ACL 

injury.  However it is plausible that the ankle position at impact may affect the peak 

VGRF.  Stiff landings in a flatfooted position exhibited the highest peak VGRF.  A stiff 

landing in a plantar flexed position exhibited the lowest peak VGRF [5].   

    Neuromuscular control has been defined as the unconscious activation of 

dynamic restraints occurring in preparation for and in response to joint motion and 

loading [6] .  The purpose of this activation is to maintain and restore functional joint 

stability [6].  Several researchers have identified impact forces that occur in less than 30 – 

50 ms as passive forces [7-9].  These forces are applied too rapidly to be modified by a 

reaction response from the neuromuscular system [7-9]. Therefore the preparations for 

landing must be included in the attempt to reduce the forces of impact [10].  Wikstrom et 

al. (2008) demonstrated that successful jump landings had significantly earlier muscle 

activation times [11].  Medina et al. (2008) demonstrated that male and female high 

school basketball players exhibited earlier contraction times than non-athlete females 

during drop landings.  This result supported prior research [12, 13] indicating that 

training lead to earlier muscle activation. Huston and Wojtys (1996) reported that female 

athletes tended to activate the quadriceps first more often than male athletes when 

compared to the hamstrings and gastrocnemius muscles after an anteriorly directed tibial 

translation force was applied [14].  Females also tended to demonstrate greater co-
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activation ratios of the quadriceps versus the hamstrings [15].  Imbalances in muscle 

contraction patterns of the quadriceps to hamstring are proposed to be related to increased 

risk of ACL injury [16]. 

Neuromuscular fatigue changes the biomechanical and neuromuscular 

characteristics of landing.  Both genders demonstrated a more erect landing posture and 

decreased VGRF after a fatigue protocol [17, 18].  In a fatigued state, the peak proximal 

tibial anterior shear force (PATF) was 0.35 times body weight (BW) in females and 0.18 

BW in the males.  Although male subjects had increased PATF in the fatigued state, this 

force magnitude was still lower than that of female subjects in the un-fatigued condition.   

In females the knee valgus moment at PATF increased 96% from 0.026 BW to 0.051BW 

while the males demonstrated a knee varus moment in both conditions [19].  There was 

reduced muscle activation of the medial and lateral hamstring and gastrocnemius [20] and 

an increased level of antagonist co-activation [1] demonstrated in a lower extremity 

fatigue protocol.  During single leg landings, it was seen that the hip significantly 

increased while the ankle significantly decreased energy absorption after a fatigue 

protocol [17].  Contrasting research demonstrated a significant increase in energy 

absorption contribution at the ankle when two legged landings were performed [21, 22].  

The smaller ROM at the hip and knee during the single leg landings as compared to the 

two legged landings, indicate a stiffer landing strategy.  Reducing the anterior-posterior 

excursions of the trunk is more critical in the single leg landings.  This can be 

accomplished by reducing the hip and knee motions but in return it places more reliance 

on the ankle to absorb the impact forces [17]. 
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The use of prophylactic ankle braces to prevent acute ankle sprains and chronic 

re-injury is very popular among athletes, coaches and health care practitioners [23, 24].  

Historically, the purpose of an ankle brace is to prevent acute ankle injuries while only 

restricting excessive ankle ROM [25, 26].  Certain types of ankle braces are known to 

restrict ankle joint ROM [27, 28]. McCaw et al. (1999) reported that ankle braces 

decreased the plantar flexion angle at initial ground contact and reduced total ankle ROM 

during both soft and stiff landings.   A reduction in ankle ROM during landing implies 

that less energy may be eccentrically absorbed by the plantar flexors [29]. 

 

PURPOSE 

The purpose of this research is to investigate the effects on the lower extremity 

landing mechanics as a result of wearing ankle braces during drop jump landings to 

fatigue.  Kinematic (hip, knee and ankle angles) and kinetic (hip, knee and ankle joint 

powers and work) data will be compared during the impact phase of landing between 

fatigued and un-fatigued conditions and braced and un-braced conditions. 

 

SIGNIFICANCE 

 Past research has shown that fatigue from repetitive drop jump landings results in 

a significant increase in negative work performed at the ankle in recreational athletes 

[22].  There is an increase in the contribution of the ankle plantar flexors as landing 

stiffness increases [3].  The application of ankle braces may decrease the plantar flexion 
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angle at initial ground contact and restrict ankle joint ROM [30].   Observing the effects 

of applying prophylactic ankle braces during a fatiguing drop jump protocol may lead to 

a better understanding of how these conditions may affect the biomechanics of landing 

and their possible influence on lower extremity injury risks. 

  

METHODS 

Nineteen recreationally active, volleyball and basketball players without injuries 

between the ages of 18 and 30 were recruited for this research.  To evaluate landing 

biomechanics, participants performed drop jump landings to fatigue during two separate 

sessions.  During one of the two sessions, the participants wore ASO (Medical 

Specialties, Inc. ©, Charlotte, NC) ankle braces.   The platform height for the drop jump 

landings was individually set based on the participant’s maximal vertical jump height. 

Directions were given on how to perform the drop jump correctly, but no instructions 

were given on landing technique.    The participants continued to perform drop jumps 

every 20 seconds until they were unable to jump at least 90% of their maximum drop 

jump height.  The maximum drop jump height was determined from the mean drop jump 

height of the first twenty drop jumps.  The maximum allowed drop jumps did not exceed 

200.  The second session was performed 9-13 days after the initial visit to avoid effects of 

delayed onset muscle soreness. 
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Data Acquisition and Analysis 

 Kinematic data was captured with a 15 camera VICON (Lake Forest, CA) motion 

capture system at 120 Hz.   GRF data was collected at 2400 Hz with two AMTI 

(Waterton, MA) force platforms.  A separate force platform captured data for the 

dominant and non-dominant leg individually.  Anatomical landmark positions for the 

calibration markers followed a VICON Plug-in-Gait (PIG) model for the upper body.   A 

modified PIG model plus cluster markers were configured for the lower body.   

VICON’s Workstation software was used to collect and reconstruct all motion 

trials.  All trials were exported to Visual 3D (C-Motion, Germantown, MD) to build the 

model and calculate variables of interest.  Data was only analyzed for the dominant 

kicking leg during the impact phase of landing.  The impact phase of landing was defined 

as the time from initial impact to the first 100ms.  Joint angles, moments and power were 

calculated in Visual 3D. A written program in MATLAB (The Mathworks Inc., Natick, 

MA) was used to calculate work values.   

Statistical Analysis 

A statistical analysis was performed using the statistical software program, 

Statistics Package for the Social Sciences (SPSS 10.0 for Windows, SPSS, Inc., Chicago, 

IL, USA).  A linear mixed model statistical analysis was performed to compare absolute 

negative work values, relative work values and IGC at the hip, knee and ankle. 

Significance was determined by an alpha level set at p < 0.05 for all statistical 

comparisons.  
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LIMITATIONS 

Participants were instructed to perform each drop jump with maximal effort 

throughout the entire experimental protocol. However, it is plausible that the participants 

may have performed drop jumps during the un-fatigued condition at sub maximal effort 

levels. Since the informed consent stated the average number of jumps performed from a 

previous study, this information may have influenced the participants’ performance 

effort.  Technique of the drop jumps was not restricted; therefore the depth of the 

squatting motion after initial ground contact was not controlled and was participant 

dependent. Each participant wore their own sneakers and was not controlled for.  Since 

pre-measured equipment was used to assemble the jumping box, the height of the box 

was as much as 2cm off the actual vertical jump height recorded.  

 

DELIMITATIONS 

All participants involved in this research were recruited from Ball State 

University and reflect the demographics of that population. Participants used in this study 

were specifically recreationally active in basketball or volleyball. This population was 

targeted to eliminate the potential for injury risks associated with jumping and landing.   

 

SUMMARY 

Landing maneuvers are a frequent occurrence in sport related activities.  Heavy 
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impact loads are inflicted upon the body that must be dissipated through joint ROM and 

muscle activity.  Stiffer landing techniques are associated with erect landing postures, 

greater peak VGRF and an increased reliance on the ankle muscular.  Greater plantar 

flexion angles at ground impact reduce the peak VGRF.   Biomechanical and 

neuromuscular alterations are seen to occur in both genders when fatigue is present.  

Fatigue causes a shift in energy absorption which favors the ankle.  Often time’s athletes 

are required to wear ankle braces regardless of their injury status.  Stabilizing the ankle 

joint with braces may limit the available ROM at the ankle and therefore interfere with its 

ability to absorb the impact forces at landing.  The information attained from this study 

may be considered useful in understanding how fatigue and the use of ankle braces may 

affect the risk of injury during landing tasks.  



 

 

CHAPTER 2 

 

 

REVIEW OF LITERATURE 

 

 

 

INTRODUCTION 

 The landing of a jump is a critical movement performed frequently in many sports 

and training protocols.  During the impact phase of the landing, the body experiences 

tremendous impact forces which are predominately dissipated through joint motion and 

muscle activity in the lower extremity.  Due to the risk of injury during the landing, 

research has concentrated on the biomechanical implications of impact and the resulting 



11 
 

impact forces on the lower extremity.  To prevent the incidence of ankle injuries, many 

sports related health care practitioners have adopted the practice of mandating their 

athletes to wear prophylactic braces like external ankle supports.  Given that ankle taping 

and bracing have been shown to limit ankle joint range of motion, it is suspected that this 

joint restriction at the ankle may interfere with the normal force dissipation method of the 

lower extremity during landings.  Since many athletes are competing at a high intensity 

for long periods of time, the onset of fatigue may also become a concern.  Research has 

shown that fatigue causes a change in energy absorption patterns and increases the risk of 

injury.  It is unclear as to whether the biomechanics of landing will be altered when an 

athlete is wearing ankle braces in a fatigued state.  

 This literature review will provide an overview of the research on the 

biomechanical and neuromuscular aspects of the landing from a jump. Biomechanical 

considerations will include lower extremity joint configuration, peak vertical ground 

reaction forces (VGRF), joint moments and powers.   Work being performed on the 

muscles of the lower extremity will be discussed during the impact phase of the landing.  

The effects of ankle braces and fatigue on performance will also be covered.    

 

Biomechanical Factors 

 Landing from a jump results in the application of GRF onto the body. At the peak 

of the jump, the body’s total energy will change from potential to kinetic energy. Due to 

the acceleration of gravity, the body will exert a force on the ground at impact.  

According to Newton’s third law, it is known that the ground will exert opposite reaction 
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forces back onto the body at the same magnitude.  The VGRF cause the lower extremity 

joints to collapse by accelerating the hip and knee joints into flexion and the ankle joint 

into dorsiflexion.  The goal of a successful landing is to resist this collapse by reducing 

the body’s velocity to zero without causing injury.   Many researchers have evaluated the 

implications of landing by assessing the lower extremity through joint ROM, VGRF, 

joint moments and joint powers.  These variables are used to determine how much work 

is being performed on the muscle groups to attenuate the impact forces of a landing. 

Work is characterized in terms of energy absorption and energy generation.  

Energy absorption is seen when segment angular velocity is opposing the direction of the 

segment displacement.   Energy generation is noted when the segment angular velocity 

and displacement direction are moving in the same direction.  Energy absorption is 

considered negative work while energy generation is labeled positive work.  Summated 

muscular work values include only the work performed at the hip, knee and ankle.  The 

relative contribution of the muscle group crossing a joint can be calculated by the ratio of 

the muscular work value at a single joint compared to the summated work value across 

all three lower extremity joints.  

Differences in relative joint contribution have been differentiated between soft 

and stiff landing techniques.  Both are distinguished by maximum knee flexion angles 

during ground contact.  Soft landings have maximum knee flexion angles of greater than 

90° from full extension (Figure 1).   
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Figure 1 

  
Stiff landings have less than 90° of maximum knee flexion from full extension (Figure 2) 

[3, 31].        

Figure 2 

 
Devita & Skelly (1992) recruited eight female intercollegiate basketball and volleyball 

players to perform ten soft and stiff landing drop jumps from 59 cm.  The summated 

muscular work values were -2.3 J/kg and -2.00 J/kg for soft and stiff landings 
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respectively.  During the soft landing technique, the muscular system absorbed 19% more 

of the kinetic energy as compared to the stiff landing technique.  The relative muscular 

joint contributions for the hip, knee and ankle were 25%, 37% and 37% in the soft 

landing and 20%, 31% and 50% in stiff landings respectively.  The relative contributions 

demonstrated the knee extensors and ankle plantar flexors were the major muscle groups 

responsible for counteracting the GRF.  As the landing stiffness increased, the relative 

contribution of the ankle plantar flexors increased while those of the hip and knee 

extensors decreased [3].   Likewise, in a study by Zhang et al. (2000), similar results were 

found.   Zhang et al. (2000) compared soft, stiff and normal landing techniques at three 

different heights in nine male recreational athletes. The knee extensors were the primary 

muscle group for reducing the body’s kinetic energy.  For each height, when the landing 

stiffness was increased, the relative ankle work contribution increased while the relative 

hip work decreased.  One limitation that should be noted in the Zhang et al. (2000) and 

Devita & Skelly (1992) studies, is that the jumpers were not normalized by body height.  

The taller athletes have a higher center of mass (CoM) than the shorter athletes.  This 

increase in height would allow the CoM to accelerate for a longer duration of time during 

the descent phase of the landing.  The greater acceleration would result in greater VGRF 

and a greater mechanical load placed on the muscles.  

   Gender differences exist in the amount of relative joint contributions 

demonstrated.  Devita & Skelly (1992) and Zhang et al. (2000) only recruited female or 

male athletes exclusively, so it is not easy to compare the results across gender.  Decker 

et al. (2003) compared 60 cm drop landings in twelve male and nine female volleyball 

and basketball recreational athletes.  In contrast to Devita & Skelly (1992) and Zhang et 
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al. (2000), the impact phase in this study was from initial ground contact until 100 ms.  

Both males and females utilized the knee extensors as the main muscle group to absorb 

the kinetic energy upon landing.  However, relatively speaking the females demonstrated 

greater energy absorption from the knee (-8.58 % Body weight (BW)*ht) and ankle (-

6.42 %BW*ht) as compared to the hip (-3.20 %BW*ht).  Males demonstrated a more 

even distribution of energy absorption over the hip (-4.86 %BW*ht) knee (-6.59 

%BW*ht)   and ankle (-4.74 %BW*ht).  The total absolute work values indicated the 

female group dissipated greater amounts of the kinetic energy through the 

musculoskeletal system (females, -18.2 %BW*ht, males, -16.19 %BW*ht).   

Differences in the reported work values may vary according to the time period 

that is designated as the major impact phase of landing.  The impact phase has been 

previously defined as the first 100 ms after initial ground contact [4, 32], the first 200 ms 

after impact [21] or ground impact until  maximal knee flexion [3, 33].  Past studies have 

indicated that the major impact phase of a landing ends in about 90ms [3, 34, 35].   It is 

during this 90 ms time period where the VGRF are observed to be the highest.   

The VGRF reveals the ability of the athlete to efficiently attenuate the impact of 

landing.  The lower the VGRF, the more favorable the landing strategy is.  Greater peaks 

VGRF are associated with a potentially more dangerous performance [36-38].  Within the 

first 90 ms of landing, there are two VGRF peaks observed.  The first peak (F1) is usually 

associated with initial ground contact with the forefoot and the second (F2) with heel 

contact [2].  Generally F2 is greater than F1 (Figure 3) [39]. 

Figure 3 
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   Depending on landing height, the VGRF at the ground impact can be as much as 7 

to 11 times BW [35, 37, 40].  When Zhang et al. (2000) increased the landing height from 

0.32m to 0.62m and 1.03 m, the peak VGRF increased significantly.  F1 responded with a 

relative increase of 136% at the highest height (1.03m) with respect to the lowest height 

(32 cm).  F2 experienced a relative increase of 44% with respect to the lowest height. The 

greater the landing height, the greater the mechanical demand placed upon the body.  As 

the height increased, there was an increase in peak and total mechanical output at all three 

lower extremity extensor muscle groups.  This increase was more apparent by the knee 

and hip extensors.  The absolute work performed by the ankle muscle group increased 

slightly from 0.32 m to 1.03 m, while the knee and hip muscles experienced larger 

increases in absolute work.  This indicated that the ankle was less capable of absorbing 

the energy and the knee and hip had a greater importance at higher landing heights  [41].   

Numerous studies [33, 42-44] have demonstrated that females exhibited greater 

peak VGRF than males.  Kernozek et al. (2005) has shown that when females and males 
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perform the same landing task  when suspended 60cm above the ground, females 

generated greater peak VGRF [33].  Likewise, the findings were similar by Pappas et al. 

(2007) (females 5.3 BW, males 3.9 BW) who used drop jump landings from 40 cm.   

When college volleyball players were instructed to perform spike and block landings 

from 40 and 60 cm, the females always demonstrated significantly higher peak VGRF.  

However the study conducted by Decker et al. (2003) indicated no differences in VGRF 

across gender.  The differences in these findings may stem from the joint positions 

observed at initial ground contact.     

Differences in joint position at initial contact and the ROM performed at the joint 

may influence the peak values recorded in the VGRF at landing.  Females have been 

associated with landing in a more erect body position at initial ground contact as 

compared to males [4, 45].    An erect body position has been described as having greater 

hip extension, greater knee extension or greater ankle plantar flexion [4, 42].  Past 

research [46, 47] has shown that greater knee extension at ground contact creates 

progressively greater peak VGRF.  However, the females in Decker et al. (2003) landed 

in a more erect body position but experienced no differences in VGRF as compared to 

males.  At initial impact, females achieved 22.8º of knee flexion and 21.3º of ankle 

plantar flexion while males demonstrated 30º of knee flexion and 11.3º of plantar flexion.  

It was also seen that the females performed significantly greater ROM at both the knee 

(75.8º) and ankle (58.0º) as compared to the males (knee 63.4º, ankle 41.6º)  [4].  This 

may indicate that the females may have compensated for the erect body position with the 

increase in joint ROM at the knee and ankle.  In the study conducted by Kernozek et al. 

(2005), the females had no differences in initial contact angles but experienced greater 
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peak VGRF as compared to males.  The female group only experienced significantly 

greater ROM at the ankle when compared to the male group [33].  The difference in 

ankle ROM alone did not seem to affect the peak VGRF between genders.  

Other researchers have demonstrated that differences in foot position at ground 

contact do affect the peak VGRF and other variables seen during the impact phase of 

landing. Landings from a jump are associated with forefoot contact whereas walking is 

associated with heel toe (HT) foot placement. Kovacs et al. (1999) compared both 

techniques during drop jumps from 40cm.  The HT landing demonstrated F1 values that 

were 3.4 times greater than forefoot landing.  F2 was 1.4 times greater in the forefoot 

landing than the HT technique.  The large and rapid F1 values experienced in the HT 

landings resembled those of stiff landings.  The ankle joint was dorsiflexed 30.1° and 

plantar flexed 10.8° at initial impact in the HT and forefoot landing, respectively.  The 

HT technique demonstrated greater ROM at the hip and knee.  During HT landing the 

ankle is unable to help attenuate the force of landing because the center of pressure was 

located closer to the ankle joint, therefore decreasing the foot’s ability to be used as a 

lever.  However, since the HT landing experienced greater hip and knee flexion prior to 

F2, the VGRF decreased rapidly.  The participants may have experienced less hip flexion 

during the forefoot technique to sustain an optimal center of mass location to maintain 

balance at landing [48].    

Differences in foot position at ground contact will alter the peak VGRF values.  

Self and Pain (2001) evaluated four ankle strategies.  The landing techniques included:  

preferred landing, straight leg landing (SL), straight leg while landing on the toes (SLT) 

and straight leg while flatfooted (SLF).  The preferred landing and the SLT technique 
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produced significantly lower peak VGRF than the SL and SLF landing techniques.  The 

SLF technique produced significantly higher peak VGRF than all techniques.   The main 

difference between the preferred landing and the straight leg landings was the additional 

30˚ of knee flexion seen in the preferred landing.  The SLT landing demonstrated 

between 9.3 and 11.7 more degrees of plantar flexion at the ankle as compared to the 

other techniques.  

   Joint configuration at impact may influence the risk of injury.  Almost 70% of 

etiologies causing ACL injury are result of non-contact mechanisms including landing 

from a jump, decelerating and cutting to a different direction [49].  ACL rates are 

significantly higher among female athletes in sports including gymnastics, basketball and 

soccer and one male sport, football [50].  Females may be two to eight times more likely 

to injure their ACL than males and the risk is increasing [51, 52]. The performance 

differences observed in females during landings have been recognized as significant risk 

factors for ACL sprains  [53].   

 The more erect landing posture demonstrated by females [4, 45] is suggested to 

be associated with an increased risk for ACL injury [54].   The structural properties of the 

ACL allow the ligament to withstand more force in a longitudinal direction while it is 

more vulnerable to a shear force [55, 56].   When the knee is in a more extended position, 

the elevation angle of the ACL is greater.  If a force causes an anterior translation of the 

tibia in this position, the force imparted on the ACL is more shear in nature (Figure 4).   
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Figure 4 

   
 

As the ACL elevation angle decreases with flexion, the shear component of the ACL 

force decreases while the tensile component increases reciprocally (Figure 5) [57]. 

Figure 5 

 

    
 

 The muscle group predominately responsible for controlling the joint movement 

during a landing can be identified by joint moments [41].   It was demonstrated that the 

impact of a landing was initiated by a simultaneous knee extensor and hip flexor moment 

reaching maximum values from approximately 15ms until 25ms after ground contact [3, 

31].  The hip flexor moment was then quickly followed by a peak hip extensor moment.  

A peak plantar flexion moment occurred after the peak hip extensor moment.  Devita and 



21 
 

Skelly (1992) suggested the knee and ankle extensor moments contributed to decelerating 

the center of mass while the hip flexor moment accelerated the trunk forward and down.  

The later hip extensor moment also contributed to the decrease in downward velocity.  

The initial hip flexor moment may have been to reduce the moment arm between the 

weight of the trunk and the knee to help decrease the external flexing moment at the knee 

[3].  There were noted differences in the results between Devita and Skelly (1992) and 

Zhang et al. (2000).   Zhang et al. (2000) demonstrated that there were two distinctive 

peak moments present at both the knee and ankle [41].  The first peak ankle plantarflexor 

moment occurred simultaneously with the initial peak hip flexor and knee extensor 

moment.  Devita and Skelly (1992) only revealed one peak moment at the ankle [3].   

Joint power is the variable used to determine the capacity of the muscle group to 

produce and control the joint movement.  Positive power represents the rate at which 

mechanical energy is generated or added to the body via concentric muscle activity.  

Negative power represents the rate at which mechanical energy is removed or absorbed 

via eccentric muscle activity.  Power curves indicated that the first peak hip flexor 

moment contributed to power generation.  The second peak hip extensor moment the 

knee and ankle peak extensor moments contributed to power absorption [3].   

  

   

Neuromuscular Control 

 Neuromuscular control has been defined as the unconscious activation of dynamic 

restraints occurring in preparation for and in response to joint motion and loading.  The 
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purpose of this activation is to maintain and restore functional joint stability [6].  The 

neuromuscular system prepares for ground impact by activating select muscles prior to 

landing [58, 59].  Neuromuscular recruitment patterns, timing of muscle activation, 

muscle strength and co-contraction are all mechanisms that affect overall neuromuscular 

control and joint stability.  Females have been characterized as having insufficient 

neuromuscular control when performing athletic maneuvers.  The onset of fatigue may 

alter the biomechanical and neuromuscular factors associated with the risk of sustaining 

musculoskeletal injury. 

Several researchers have identified impact forces that occur in less than 30 – 50 

ms as passive forces.  These forces are applied too rapidly to be modified by a reaction 

response from the neuromuscular system [8, 9]. During weight bearing and sporting 

activities joint forces go well beyond the stabilizing capacity of the joint capsule and 

ligaments and require assistance from active muscles to stabilize the joint.  Therefore the 

preparations for landing must be included in the attempt to reduce the forces of impact 

[10].  Two different mechanisms are utilized to accommodate the stressor and to prevent 

injury.  The first is a feedback mechanism which is a reflexive response that occurs after 

sensory detection of a perturbation [6].  This mechanism is initiated to correct changes to 

the system but does not operate quick enough to provide stability and prevent collapse 

[60].  The second mechanism is a feed-forward mechanism, an anticipatory effect that 

occurs before sensory detection of the perturbation [6].  There is a preparatory 

contraction of the muscles to stiffen the joints when the system is perturbed [60]. 

  Muscle activation patterns prior to ground impact have a large impact on 

neuromuscular control.  Wikstrom et al. (2008) demonstrated that successful jump 
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landings had significantly earlier muscle activation times [11].  McKinley and Pedotti 

(1992) noted that the subjects with the shortest time to stabilization had the 

gastrocnemius, soleus and tibialis anterior active before landing.  This activity created 

greater muscle stiffness and allowed a faster reaction time to the landing surface [58].   

Neuromuscular imbalances due to training deficiencies may predispose females to 

joint injury.  Medina et al. (2008) demonstrated that male and female high school 

basketball players exhibited earlier contraction times than non-athlete females during 

drop landings.  This result supported prior research [12, 13] indicating that training lead 

to earlier muscle activation times.  There were no significant differences in muscle 

activation times between the male and female athlete groups.  However, even though it 

was not significant, it is worth mentioning that the female basketball players 

demonstrated a faster time to initial contraction of the vastus medialis when compared to 

the male basketball players [61].  This result is supported by Huston and Wojtys (1996) 

who reported that female athletes tended to activate the quadriceps first more often than 

male athletes when compared to the hamstrings and gastrocnemius muscles after an 

anteriorly directed tibial translation force was applied [14].  Recruitment patterns and 

recruitment velocity of the thigh muscles play a role in providing stiffness and dynamic 

stability at the knee [62].  Imbalances in muscle contraction patterns of the quadriceps to 

hamstring are proposed to be related to increased risk of ACL injury [16].   

Higher amplitudes of both preparatory and reactive muscle activation have been 

demonstrated in successful landings [11].   Females may adopt a different motor unit 

recruitment strategy near and during the time of ground impact.  The males exhibited 

greater activation of the vastus lateralis, vastus medialis and bicep femoris at initial 
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contact.  Greater activation during the stance phase of cutting for males was also 

observed in the vastus lateralis, rectus femoris and vastus medialis [63].  The bicep 

femoris peak activation time occurred sooner in females with the peak of both genders 

occurring before initial ground contact.  Males tended to exhibit greater bicep femoris 

peak activation levels closer in time to initial ground contact when ACL strains are more 

likely to occur [63].   

Huston and Wojtys (1996) demonstrated significant differences between genders 

in the time to reach peak torque.  Female athletes took 102 ms longer than male athletes 

to reach peak torque in knee flexion from onset of a stimulus.  Unlike the female controls, 

male athletes and male controls, the female athletes were the only group who generated 

maximum torque in the hamstrings after generating maximum torque in the quadriceps. 

The other three groups generated hamstring peak torques 20-80 ms before quadriceps 

peak torque.  When the five strongest females and the five weakest female athletes were 

compared, the strongest females favored recruiting the hamstring first while the weakness 

favored recruiting the quadriceps first.  Huston and Wojtys (1996) suggested that lower 

extremity conditioning techniques may be the key to establishing the time sequence for 

muscle recruitment [14].        

A balance of force between the quadriceps and hamstring muscle is important for 

normal knee function.  Muscle strength and coordination have a direct effect on the 

mechanical loading of the ACL and other joint structures during landings.  Adequate co-

contraction of the quadriceps and hamstrings is needed to help protect against ACL 

injuries.  Unbalanced quadriceps to hamstring strength ratio typically seen in females, is a 

predisposing factor to injury.   Salci et al. (2004) found that college female volleyball 
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players had weaker quadriceps and hamstring muscles compared to men when 

normalized for body weight [42].  This is in agreement with other research studies [14, 

64, 65].    The male volleyball players from Salci et al. (2004) demonstrated a positive 

and high correlation between knee flexion angles with hamstring peak torque to BW and 

quadriceps peak torque to BW.  However there was no correlation between knee flexion 

angles and peak torques within the female group [42].  Another study by Myer et al. 

(2005) demonstrated that females had a decreased ratio of medial quadriceps to lateral 

quadriceps recruitment.  This neuromuscular strategy may be related to the increased 

propensity of females to demonstrate measures of dynamic knee valgus.  Inability to 

control dynamic knee valgus during landing activities is related to the increased risk of 

ACL injury in female athletes.  Adequate co-contraction of the knee flexors may also 

help balance active contraction of the quadriceps which can compress the joint and assist 

in the control of high knee abduction torques or valgus collapse [66]. 

Overall leg stiffness is influenced differently by stiffness changes at individual 

joints during two legged hopping.  Subjects were instructed to hop at a frequency of 

2.2Hz during a preferred height condition and also to hop as high as possible while 

following the same frequency during another condition.  As expected, the ground contact 

time was much shorter during maximum height hooping (0.191s) versus preferred height 

hopping (0.308s).  This change was accomplished by doubling the leg stiffness from 14.5 

kN/m to 29.3 kN/m.  On average, ankle stiffness increased by 1.9-fold, knee stiffness 

increased by 1.7-fold but hip stiffness was unchanged.  Using computer models it was 

shown that ankle stiffness was the primary mechanism and directly proportional to leg 

stiffness.  Leg stiffness was relatively insensitive to changes in knee or hip stiffness.  It 
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was suggested that leg stiffness was more receptive to ankle stiffness because the 

moment arm of the GRF is largest about the ankle due to the geometry of the leg [67].  

Padua et al. (2005) observed the gender differences in leg stiffness during two-legged 

hopping.  Calculating stiffness was achieved by determining the natural frequency of the 

equivalent mass spring system.  In a mass spring model of harmonic motion, the stiffness 

must change in proportion to the system mass in order to maintain a constant frequency 

[68].  Stiffness values were significantly greater in males (33.9 kN/m) than in females 

(26.3kN/m) at a preferred hopping frequency and at 2.5 and 3.0Hz.  Individuals with 

larger body mass exhibited increased leg spring stiffness because stiffness of the leg 

spring was directly proportional to body mass.  Males exhibited larger weights than 

females.  However female subjects hopped at a statistically similar preferred frequency as 

males during the preferred frequency. The females could have chosen to hop with similar 

leg stiffness by performing the task at higher self selected frequencies.  It is theorized that 

this is the case due to active muscle stiffness differences between gender or reflex factors 

and energy conservation[69]. 

Vertical leg stiffness during two legged hopping is similar across gender when 

normalized to body mass, but muscle activation activity differs.  Overall females 

recruited 46% greater quadriceps activity and 37% greater soleus activity than did the 

males during a preferred frequency and set (3.0Hz) frequency.  The co-activation ratio 

(quadriceps:hamstring) revealed significantly greater ratios  in females.  Quadriceps 

activation was 2.01 times greater than hamstring activation in the female population.  

Despite the lower body mass of the females, they still recruited greater quadriceps 

activity than males.  This reliance on quadriceps activation was emphasized during 
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impact as activation increased another 31% in females but only 17% in males. It seemed 

females attempted to modify leg stiffness through greater recruitment of the quadriceps 

prior to ground constant. This supports the quadriceps dominance theory that suggests 

females tend to rely on their quadriceps more than their hamstrings creating excessive 

anterior translation of the tibia [15].  In addition, females also exhibited a non-significant 

25% greater gastrocnemius activity compared to the males.  Fleming et al. (2001) 

revealed that the greatest ACL strain was produced during simultaneous activation of the 

gastrocnemius and quadriceps muscles [70].     Even though gastrocnemius activation 

was not significantly different, this finding may have clinical significance being that the 

gastrocnemius creates a posterior shear force on the femur.  Essentially, the posterior 

force on the femur relative to the tibia, resembles an anterior translation of the tibia by 

the quadriceps [15].   

   

Neuromuscular Fatigue 

 The ability for neuromuscular control during a landing may be affected by 

fatigue.  Fatigue has been previously defined as “any reduction in the maximum force 

generating capacity, regardless of the force required in any given situation” [71]. Another 

definition states fatigue is an exercise induced reduction in the ability of muscle to 

produce force or power, whether or not the task can be sustained [72, 73].    Fatigue may 

influence lower extremity kinematics and kinetics, muscle activation, co-contraction and 

proprioception.  This will result in a change in muscle performance.  This is crucial for 
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injury prevention because any change in muscle performance caused by fatigue may 

compromise the muscles’ ability to guard [18] the body from injury [21].   

Lower extremity fatigue may affect landing biomechanics.  Female and male 

recreational active athletes were recruited to perform three types of stop jump tasks to 

fatigue.  In a fatigued state, the peak proximal tibial anterior shear force (PATF) was 0.35 

times BW in females and 0.18BW in the males.  Although male subjects had increased 

PATF in the fatigued state, this force magnitude was still lower than that of female 

subjects in the un-fatigued condition.  In the un-fatigued and fatigued condition, females 

exhibited a knee valgus moment while males exhibited a knee varus moment at the 

PATF.  In females the knee valgus moment at PATF increased 96% from 0.026BW to 

0.051BW.  Males experienced a 43% decrease from 0.030BW to 0.017BW in the knee 

varus moment.  Females demonstrated a significantly higher knee extensor moment at 

PATF but the moments seen in both genders were not significantly changed at PATF by 

fatigue.  Knee flexion angles at PATF were significantly decreased in the fatigued 

condition.  Females experienced a 12% decrease from 26.3° to 23.1° while males 

experienced a 15% decrease from 33.4° to 28.3°.   Decreased knee flexion at ground 

contact, a valgus knee and an increase in PATF seen with fatigue are all risk factors for 

sustaining an ACL injury.  The results of this study suggested that ACL strain may be 

increased when stop jump tasks are performed with lower extremity fatigue.  Females 

demonstrated a greater risk than males for ACL injuries due to the high PATF coupled 

with a greater knee extension and valgus moment [19].  

Fatigue may cause a shift in relative muscle contribution during landing activities.  

Madigan and Pidcoe (2003) tested a fatigue protocol consisting of single leg squats on 
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physically active males.  The major findings indicated that the fatiguing landing activity 

decreased VGRF and increased peak joint flexion at the knee and ankle.  There were no 

significant changes in joint angles at impact.  At the beginning of the fatiguing activity, 

the hip extensor impulse increased, the knee extensor impulse was constant and the ankle 

plantar flexor impulse decreased.  Because there was an increase in knee flexion over 

time, it may have contributed to the reduction in the plantar flexor impulse.  When the 

knee is in a flexed position, the gastrocnemius becomes shortened because it crosses both 

the ankle and the knee.  This in turn reduces the gastrocnemius’ ability to develop 

tension, resulting in an overall decrease in the plantar flexor impulse. It was suggested 

that the distal to proximal redistribution of extensor moments allowed the larger proximal 

muscle groups to provide a greater contribution to energy absorption.  Towards the end of 

the fatigue protocol the hip extensor impulse decreased, knee extensor impulse remained 

constant and the ankle impulse increased.  It is believed that those changes occurred 

because of fatigue.  However, since EMG data was only collected before and after the 

fatigue protocol, it is uncertain if the shift seen in impulse was directly related to fatigue.  

Because the changes seen in the VGRF and the peak flexion angles occurred early in the 

activity, it was unclear as to whether fatigue was solely responsible for the changes.  It 

was suspected a learning effect may have occurred early on [21]. 

The neuromuscular system is capable of maintaining the functionality at the knee 

joint in order to maintain shock attention while fatigued.  Physically active males 

completed a single leg landing fatigue protocol.  Fatigue was indicated by the decreases 

in power output demonstrated at all lower extremity joints.  Work performed during the 

jump was only significantly decreased at the knee and ankle.  The peak VGRF 
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significantly decreased from 3.90 BW to 3.62BW.  At ground impact the hip (0.9° to -

4.3°) and knee (-8.8° to -14.6°) were in a significantly more extended position while the 

ankle (44.3° to 50.0°) experienced an increase in total ROM. The peak extensor moments 

did not significantly change at any joint.  The hip (-0.20 J/kg to -0.44 J/kg) significantly 

absorbed more energy while the ankle (-1.14 J/kg to -0.87 J/kg) significantly absorbed 

less energy in the fatigued condition.  The increase in ROM and negative work at the hip 

with fatigue indicated a greater reliance on the larger muscles at the hip during landing.    

Despite significant weakening of the knee extensors (59% decrease), the muscles were 

still able to provide the same amount of work during the jump while fatigued.  The knee 

moment and energy absorbed during the landing remained unchanged.  Overall there was 

a distal to proximal shift in energy absorption similar as seen in Madigan and Pidcoe 

(2003), but the knee dynamics remained the same in spite of knee extensor fatigue [17].   

Fatigue responses may differ depending on whether the muscle acts as agonist or 

antagonist around a joint.  An isokinetic fatigue protocol revealed that fatigue of the knee 

extensors (KE) decreased VGRF, increased knee flexion angles, reduced hamstring 

activation and increased the level of antagonist co-activation (sum of vastis medialis and 

vastis lateralis divided by the bicep femoris activity) during the first 100 ms after ground 

contact.  In contrast, fatigue of the knee flexors (KF) did not alter VGRF and increased 

gastrocnemius and bicep femoris activation during the first 100 ms after ground contact.  

During the preparatory stage (100 ms before ground contact) there was an increase in 

muscle activation from the vastus medialis, and vastus lateralis.  Fatigue of the KF also 

decreased the level of antagonist co-activation.  It is suspected that the decrease in VGRF 

from the KE protocol is due to the increase in knee angle at ground impact [1]. Using 
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simulation, Gerritsen et al. (1995) reported that a 1º change in the leg angle led to a 68N 

change in impact forces [74].  Fatigue in both protocols placed greater reliance on 

quadriceps muscles resembling a quadriceps dominant strategy in both the male and 

female subjects alike [1]. 

An antagonistic inhibition strategy may serve as a mechanical compensation with 

the onset of fatigue. Gehring et al. (2009) induced fatigue on males and females with a 

repeated leg press protocol to exhaustion.  This resulted in significantly reduced muscle 

activation of the medial and lateral hamstring and gastrocnemius.  Despite the leg press 

being a predominately quadriceps activated activity, the hamstrings and not the 

quadriceps, recorded less activation.   The decrease in antagonist activity may be the 

mechanism to maintain the general motion patterns when the quadriceps weakens.  

Similar results were found in Kellis and Kouvelioti (2007) and Padua et al. (2006).  

Fatigue of the plantar-flexor muscles has been shown to negatively affect postural 

control during quiet standing [75-77].  Vuillerme and Boisgontier (2008) reported the 

ability of the plantar flexors to match a reference force from the contra-lateral limb 

during an isometric concentration.  There was a larger error in reciprocating the reference 

force in the contra-lateral limb at 150N versus 50N.  In a fatigued state, the plantar 

flexors performed even greater inaccuracies in matching the force generation no matter 

what the target force level was.  These results indicate that a decreased force sense ability 

may contribute to the deteriorated postural control during a fatigued state [78].        
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Prophylactic Ankle Supports 

 The risk of injury is a huge concern for coaches, athletic trainers, strength coaches 

and other health professionals.  According to the NCAA Injury Surveillance System, 

more than half of all collegiate athletic injuries were to the lower extremities with the 

knee and ankle being the most common injury sites.  Regardless of the sport, ankle 

sprains were the most common occurring injury [50].  Running and jumping sports have 

posed the greatest concerns for ankle injuries [23, 79].  Ankle sprains accounted for 

approximately 25% of all injuries in men’s and women’s basketball and women’s 

volleyball [80].  The task of landing in jumping sports accounted for 58% of basketball 

injuries and 63% of volleyball injuries [81-83].  The high frequency of ankle sprains has 

lead to numerous research studies on the mechanism of injury and various prevention 

techniques [84].    Since lateral ankle sprains are the most common injury among all 

collegiate sports, much effort has been invested in developing a prophylactic support that 

would prevent ankle injuries [25].   The restricting effect of adhesive taping and other 

prophylactic ankle braces on ankle ROM and performance has been investigated by many 

researchers [26, 30, 85, 86].   

The use of prophylactic ankle braces to prevent acute ankle sprains and chronic 

re-injury is very popular in many sports in the athletic training community [23, 24].  

Historically, the purpose of an ankle brace is to prevent acute ankle injuries while only 

restricting excessive ankle ROM [25, 26].  There is much debate and research supporting 

prophylactic ankle braces’ effectiveness in preventing ankle sprains.  Intramural 

basketball cadets in the United States Military Academy were randomly selected to wear 
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Aircast Sports Stirup (Aircast, Inc., Summit, NJ) ankle braces during a two year study.  

The players who did not wear the Aircast Stirup were approximately three times more 

likely to sustain an ankle injury than the players who wore the ankle braces [87].  

Another study demonstrated that male soccer athletes who wore ankle orthoses  during a 

six month season experienced a significantly lower incident of ankle sprains [88]. 

Previous studies have shown that certain prophylactic ankle braces restrict ROM 

and may inhibit athletic performance [30].  The restricting effect of ankle braces was 

investigated by Gehlsen et al. (1991).  When the ankle joint was stabilized with the 

Active Ankle (AA, Active Innovation, Inc., KY), Air-Stirup (Aircast, Inc., NJ) and 

Swede-O-Universal (SO, North Branch, MN) brace during isokinetic testing 

(180°/second), the total ROM allowed through the sagittal plane  was approximately, 

54.6°, 52.4° and 49.1° respectively, as compared to 56.0° with an un-stabilized ankle.  

The SO brace significantly limited the average ankle joint ROM [28].  When the AA, 

Air-Stirup, SO and two lace up Ascend (AOA Corporation, NJ) braces were tested for 

passive ROM (°/Nm applied), the AA was the only brace which did not significantly 

interfere with dorsiflexion ROM.  The other four braces were only able to reach an 

average of 70.8% – 77.7% of the average range of dorsiflexion achieved without a brace 

(25.8°) [27].  Past studies have indicated the importance of dorsiflexion during landings 

from a jump.  During the last frames before initial ground contact, approximately 15° of 

dorsiflexion from maximum plantar flexion was achieved.  The average total ankle ROM 

accomplished was approximately 50° [34].  McCaw et al. (1999) reported that taping, 

Aircast and SO braces decreased the plantar flexion angle at initial ground contact and 
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reduced total ankle ROM during both soft and stiff landings.  However, the AA braced 

condition behaved more like the un-stabilized condition [29].   With the exception of the 

AA brace condition, these findings were in contrast to previous research that reported no 

effect due to ankle stabilization on sagittal plane motion during running [89].  Because 

running requires less ROM than landing from a jump, the differences in ROM may 

explain why ankle stabilization did not interfere with performance during running.   

The concept of an ideal ankle brace [90] recognizes the importance of unimpeded 

ankle joint ROM for generation and absorption of energy during skill performance [29].  

McCaw et al. (1999)  demonstrated a 5° difference in ankle joint ROM from the un-

braced to braced conditions [29].  A reduction in ankle ROM during landing implies that 

less energy may be eccentrically absorbed by the plantarflexors.  Therefore it is possible 

the un-braced condition may allow for more absorption of kinetic energy at the ankle 

complex versus the braced condition [29].  The AA brace is the exception to the rule 

because it did not interfere with the ankle ROM due to its hinge joints which allowed free 

sagittal plane motion.   

The ankle brace under investigation in this research is the Ankle Stabilizing 

Orthosis ® (ASO, Medical Specialties, Inc., NC).  The ASO was constructed with Cool 

Flex material and had a lace up closure.  There was a medial and lateral nylon strap that 

was used to wrap the ankle in a manner that replicated a figure 8 in an ankle taping.  A 

neoprene elastic cuff closure secured the laces and straps in place.  There was very little 

research published about the ASO brace.  One study by Gudibanda and Wang (2005) 

examined the stability and functionality of the ASO in normal ankle kinematics during 
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sideward and forward lateral cutting.  During the first 25% of the stance phase of 

sideward lateral cutting, the ASO significantly decreased the peak plantar flexion angle.  

The peak dorsiflexion angle in mid-stance and plantar flexion angle in late stance were 

not significantly affected.  The same results were noted for forward lateral cutting [85]. 

Neptune et al. (2001) concluded, “Touchdown plantar flexion angle may have a greater 

influence on sprain occurrence and severity than touchdown supination angle.” [91]  A 

lower supination torque is needed to cause an ankle sprain with greater plantar flexion 

angles.  This may indicate that the ASO may prevent ankle sprains by restricting plantar 

flexion at ground contact.  McCaw and Cerullo (1999) theorized that ankle joint 

dorsiflexion contributed to the absorption of energy from the impact force at ground 

contact. Ankle braces which restrict passive dorsiflexion may result in the ankle 

musculature absorbing less of the force causing more energy to be transferred to the 

knees and hip muscles [85].  No studies have been conducted on ankle ROM with an 

ASO during landings from a jump. 

Time to stabilization is used to measure neuromuscular control to evaluate 

dynamic postural stability during jump landing.  A functional fatigue protocol was used 

to determine if the type of ankle brace worn influenced dynamic stability in ten Division I 

female volleyball athletes.  The SO brace improved dynamic stability by decreasing the 

time to stabilization in the anterior-posterior (AP) direction post-fatigue as compared to 

AA brace and a non-braced condition.  The athletes wearing the AA brace increased their 

time to stabilization in the AP direction post-fatigue.  There was no significant difference 

in any condition in the medial-lateral direction.  It is important to note that the females in 
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this study were previously accustomed to wearing AA braces and the fatigue protocol 

may not have been as fatiguing in the medial-lateral direction.  Shaw et al. (2008) 

suggested that because the SO brace covered more surface area than the AA, it may have 

stimulated more mechanoreceptors, leading to increased afferent signals [92].     

It is also suggested that ankle supports may improve proprioception around the 

ankle by stimulating cutaneuous mechanoreceptors.  Twenty male college aged students 

with no history of significant ankle injury were tested for proprioceptive function at the 

ankle joint.  Joint position sense and kinesthesia was assessed with and without the 

application of a strip of tape placed anterior and posterior to the ankle joint in a weight 

bearing and non-weight bearing position.  The use of tape significantly improved the 

subjects’ ability to perceive ankle joint position in a plantar flexed position while non-

weight bearing [93].   Location of a limb in space without visual information was 

suggested to be detected by kinesthetic receptors in the skin, muscles and joints.  It was 

shown in Feuerbach et al. (1994) that joint receptors played very little part in ankle joint 

proprioception.  When proprioception was tested between a braced and un-braced 

condition, there was a decrease in absolute error when subjects were asked to return their 

ankle back to a reference position in the braced condition.  The improved ankle joint 

position sense may have stemmed from an increase in afferent feedback from the 

cutaneous receptors. 

   

CONCLUSION 

 A safe and successful landing from a jump depends on adequate joint ROM and 
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muscle activity.  During stiffer landing techniques the body lands in a more erect position 

and the ankle plantar flexors significantly absorbed more of the kinetic energy when 

compared to soft landings.  Stiffness at landing also increased peak VGRF and placed 

more stress on the skeletal system and surrounding soft tissues.  Female jump landings 

are more indicative of stiff landings.  Males rely on the hip and knee extensors while the 

females rely on the knee and ankle extensors to absorb the GRF.  Females have 

demonstrated a valgus knee position, a delayed onset of hamstring activation time; a 

decreased magnitude activation of the hamstrings and quadriceps; exhibited significantly 

greater co-activation (quadriceps:hamstrings) levels;  recruited the quadriceps, 

gastrocnemius and soleus in greater amounts as compared to the males and are weaker in 

the quadriceps and hamstrings. An erect landing position and the female landing 

characteristics listed are all risk factors associated with ACL injuries.  When fatigue is 

present, the erect landing position is magnified, peak VGRF are reduced, greater anterior 

shear force is placed on the tibia, muscle activation of the medial and lateral hamstring 

and gastrocnemius.  This may further increase the potential for sustaining ACL injuries.  

Landings to fatigue also resulted in significantly greater energy absorption by the ankle 

plantar flexors.  This is concerning considering numerous athletes wear restrictive ankle 

braces. Since certain ankle braces reduce the plantar flexion angle at touch down and 

decrease the available ROM, this may result in the ankle musculature absorbing less of 

the force.  Stiff landings with a decreased plantar flexion angle at contact created greater 

peak VGRF compared to stiff landings with greater ankle plantar flexion.  Ankle braces 

may cause more energy to be transferred to the knees and hip musculature.  This may 

have a greater impact on the female population considering the ankle is a primary energy 
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absorber and they land in an erect position with a valgus knee in an un-fatigued state.     

Although plantar flexor fatigue resulted in proprioception deficits, it was also noted that 

ankle braces increased propriception and decreased time to stabilization during a fatigued 

state.  The information attained from this study may be considered useful in 

understanding how fatigue and the use of ankle braces may affect the risk of injury 

during landing tasks. 

 



 

CHAPTER 3 

 

 

 

METHODS 

 

 

 

INTRODUCTION 

 

 The purpose of this research was to examine the biomechanical differences in 

landing from a jump with the effects of fatigue and the application of an ASO ankle 
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brace.  Participants performed drop jump landings to fatigue during two separate 

sessions.  One session included the participants wearing the ASO and the other did not.   

Kinetic and kinematic data was used to compare the absolute work and relative negative 

energy contributions of both conditions.  This study was carried out at the Ball State 

University Biomechanics Laboratory.   

   

EXPERIMENTAL PROCEDURES 

 

Subject Population  

Nineteen recreationally active, healthy college students between the ages of 18 

and 30 were recruited for this study.  Healthy was defined as having no previous 

orthopedic injury or neurological disorder of the lower extremity that impaired 

performance during lower extremity activities.  Fourteen males (mass: 78.4 ± 11.8 kg, 

height: 182.9 ± 6.5 cm) and four females (mass: 65.1 ± 3.3 kg, height: 168.1 ± 1.5 cm) 

were recruited to participate in this study.  All participants were recreationally active in 

sports consisting of volleyball or basketball at least twice a week for a minimum of five 

months.     

Experimental Overview 

Participants reported to the Ball State Biomechanics Laboratory for two separate 

visits to complete all biomechanical testing.  Each participant signed a written consent 
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form prior to participation in accordance with the Institutional Review Board at Ball State 

University.  Upon signing the written informed consent, the participants answered a pre-

screening questionnaire including history of injury, physical health, physical activity and 

experience with prophylactic ankle braces.  Qualifying participants were next fitted for 

proper attire.  The male participants were provided with running shorts and preferably 

wore no shirt within their comfort levels.  Females wore running shorts and preferably 

just a sports bra within their comfort levels.  The participants were required to wear the 

same pair of their own low cut running sneakers at both sessions.      

After the proper attire had been fitted, preparations for the data collection began.  

First body measurements were  taken as follows:  height, weight, leg length, inter- ASIS 

distance, knee girth, ankle girth, foot width, thorax depth, shoulder offset, elbow girth, 

wrist girth, hand thickness and ankle circumference.   Participants were fitted for ASO 

braces according to the manufactures’ instructions.  The ASO braces were only worn 

during one of the two sessions.  The order of the braced session was randomized in both 

genders.  Calibration markers were adhered to the body at specific landmarks with double 

sided tape.  Cluster marker sets consisting of four calibration markers taped to a rigid 

plate were adhered to the thigh and shank with Cover-Roll® Stretch Tape and Tuf-Skin® 

(Cramer®, Gardner, KS) tape adherent.   

The landing task consisted of performing drop jumps.  Drop jump landings were 

performed from a platform whose height was individually set based on each participant’s 

maximum vertical jump height.   The average of three maximum counter movement 

jumps was measured to set the platform height.  A warm up period consisting of five 
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minutes on the bicycle and five to ten drop jump landings for familiarization was 

performed.  Instructions and a demonstration was performed to show proper landing 

technique.  Proper technique consisted of suspending the heel of the dominant leg just in 

front of the platform and wrapping the arms around a pole laid upon the shoulders in the 

starting position. Participants were instructed not to jump up or down from the platform, 

but to shift their weight slightly forward almost as if they were going to fall from the 

platform.  The participants were told to land from the platform and to jump up with 

maximum effort.  A twenty second rest period was timed between each jump.  The drop 

jump session continued until fatigue was reached.  The participants were considered 

fatigued when they could no longer jump at least 90% of the maximum drop jump height. 

The maximum drop jump height was calculated from the average of the first twenty drop 

jumps.  To prevent any interference from delayed onset muscle soreness, the participants 

returned to the Biomechanics Laboratory for their second session approximately 9-13 

days later.  If the ankle braces were worn during the first session, they were not worn 

during the second session visa versa.  The same platform height and drop jump protocol 

was used for the second session.       

Data Collection 

 A fifteen VICON F-series camera motion capture system and VICON 

Workstation software was used to capture and reconstruct all movement data at 120 Hz.   

Calibration marker placement for the upper body was consistent with VICON’s Plug-in-

Gait model.  The lower body landmarks consisted of:  sacrum, posterior superior iliac 

spine, superior iliac crest, greater trochanter, lateral and medial knee femoral epicondyle, 
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lateral and medial malleolus, calcaneous, toe, fifth metatarsal and first metatarsal joint.  

Due to the flexed trunk landing position often seen in drop jumps, it is a strong possibility 

that the anterior superior iliac spine (ASIS) would be frequently blocked from the 

camera’s view by the torso.  Typically the ASIS is a landmark used to track the pelvis 

movement.  To avoid this problem, virtual ASIS markers took the place of anatomically 

placed physical calibration markers on the ASIS.  The superior iliac crest (SIC) was used 

as a substitute location to adhere calibration markers to help track pelvis movement.   

A static trial, virtual landmark trials and ROM trials were all initially captured.   

The static trial captured the individual in a still pose while holding a digitizing pointer.  

The digitizing pointer was physically compressed on the ASIS to locate their position on 

the pelvis.   ROM at the hips consisted of a five point star followed by circumduction.  

Knee ROM consisted of four consecutive flexions and extensions.  Following the 

completion of the initial captured trials, the greater trochanter, knee, ankle and calcaneus 

markers were removed.  GRF data was captured with two AMTI force platforms at 2400 

Hz.  The participants were positioned so that each foot naturally landed on a separate 

force platform.  Jump height was tracked with the trajectory of the sacrum calibration 

marker.  Since the sacrum marker followed the exact trajectory as the body CoM, this 

method allowed for immediate CoM tracking on the spot without the need to process any 

jumping trials. 

Data Analysis 

Visual 3D (C-Motion, Germantown, MD) software was utilized for model 

building and computation of the variables.    The pelvis segment was defined using the 
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anatomical locations of the ASIS and the PSIS.  The origin of the segment coordinate 

system was defined as the mid-point between the ASIS markers.  The SIC and PSIS 

calibration markers were used to track the pelvis since ASIS markers were not used.  The 

ROM trials for the hips and knees were uploaded to create functional joint centers.  An 

algorithm was inputted to calculate a functional joint from movement of the distal 

segment relative to the proximal segment.   Functional joints were used instead of the 

typical regression equations because they allowed for a more accurate location of the 

joint centers and less reliance on palpation [94]. The hip joint centers (HJC) were defined 

by the proximal pelvis and distal thigh cluster calibration markers.  The knee joint centers 

(KJC) were defined by the proximal thigh clusters and distal shank cluster calibration 

markers.  The thigh segment was defined proximally by the functional HJC and the 

radius between the HJCs.  At the distal end, the thigh was defined by the functional KJC 

and radius between the lateral and medial knee epicondyle calibration markers.  An extra 

landmark on the x axis was also used to define the segment orientation.  Two (SK and 

SK2) left and right shanks were created with different defining characteristics.  SK was 

proximally defined by the lateral and medial knee epicondyle markers and distally 

defined by a landmark centered between the lateral and medial malleolus.  SK1was 

proximally defined by the functional KJC with the radius of the lateral and medial knee 

epicondyle markers and distally defined by the lateral and medial malleolus markers.  SK 

was used to calculate ankle joint moments while SK2 was used to calculate the ankle 

joint angles.  The foot was defined proximally by the lateral and medial malleolus and 

distally by the fifth metatarsal marker and the distal foot radius.  The upper body was 

modeled after the VICON Golem marker set.  A 6 Hz, low pass Butterworth biphasic 
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zero lag filter was applied to the kinematic data.  A 60 Hz low pass Butterworth biphasic 

zero lag filter was applied to GRF data.    

The impact phase of the first landing was analyzed.  The impact phase was 

defined as the time from initial ground contact until the first 100 ms after ground contact.   

Kinematic and kinetic data was only analyzed for the dominant leg.  The dominant leg 

was identified as the preferred kicking leg.  The segment coordinate system was labeled 

as z-up and y-anterior.   Joint angles and moments were calculated with the proximal 

segment as the reference frame.  Joint moments were normalized by subject mass and 

computed using inverse dynamics.   

 Joint angles, moments, power were only calculated for the hip knee and ankle.  

Positive values were assigned for hip flexion, knee flexion and ankle dorsiflexion.    

Internal joint moments for each joint was calculated by combining the kinematic and 

force plate data with anthropometric measurements in an inverse dynamics solution. 

Although individual muscle moments cannot be measured, the overall effect of all the 

muscles about an individual joint can be seen in the net moments.  Positive moments 

were considered extension at the hip and knee and dorsiflexion at the ankle.  Joint power 

is commonly used to determine the capacity of muscle groups to produce and control 

movement.  Muscle powers were calculated as the product of the instantaneous joint 

moment and joint angular velocity.  Positive joint powers were represented as the rate of 

at which mechanical energy was added to the body via concentric action of the muscles. 

Negative joint powers indicated the rate at which mechanical energy was removed via 

eccentric actions of the muscles and that work is being performed by the skeletal system 

on the muscles.  All kinetic parameters was scaled to body mass as in previous studies [3, 
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17, 41]. To accommodate for inter-subject variations in the number of jumps completed, 

all jumps were grouped into 10% intervals.   A program written in Matlab (The 

Mathworks Inc., Natick, MA), was used to integrate joint power values to asses joint 

work values.    

 

Statistical Analysis  

Data analyses will be performed using SPSS.  A mixed model analysis of variance 

was used to determine statistical significance.  Significance will be determined by an 

alpha level set at p < 0.05 for all statistical comparisons.  Absolute negative work, 

relative work and initial ground contact angles were statistically analyzed during the 

major impact phase of landing.  
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Abstract 

The impact forces at landing are predominately absorbed by the hip, knee and 

ankle joints. Fatigue has been shown to increase the amount of work performed by the 

ankle and to reduce the work performed by the knee during landings. The purpose of this 

study was to assess the kinematic lower extremity motion and kinetic patterns during 

landings to fatigue, with and without ankle brace usage.  Eight recreationally active males 

(n = 6) and females (n = 2) performed repetitive drop jumps to fatigue for an un-braced 

and braced condition. Kinematic and kinetic variables were assessed during the first 100 

ms after ground impact.  Due to the high skill level of the participants, none of the 

individuals reached a fatigued state.   No significant main effect of fatigue was 

demonstrated on ankle work (p= 0.260). There was no significant main effect due to 

fatigue on the ankle (p= 0.636), knee (p= 1.000) or hip (p= 1.000) relative work 

contributions. Fatigue caused a shift toward a more erect landing position at initial 

ground contact (IGC).  No significant main effect of the brace on ankle (p= 0.314), knee 

(p= 0.283) or hip (p= 0.437) angles was observed at IGC angles. The use of ASO ankle 

braces caused a shift toward greater knee contribution in a fatigued state.  Plantar flexion 

angles were decreased the most during the braced un-fatigued condition.  There was an 

inverse relationship between knee and hip angles as compared to ankle angles at IGC.  

When the hip and knee joint displayed less flexion at IGC, the ankle balanced the 

positions out by landing in more plantar flexion.   
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Introduction 

Jump landings occur frequently in sports such as basketball, volleyball and 

gymnastics.  The body experiences high ground reaction forces (GRF) at ground impact.  

Maximum vertical ground reaction forces (VGRF) have been reported as high as 11.0 

times body weight (BW) for trained gymnasts [95] and peaks ranging from 1000 to 2000 

Newtons (N) (first peak, F1) and 1000 to 6500 N (second peak, F2) in volleyball block 

jump landings [46].   These impact forces must be attenuated by the musculoskeletal 

system.  However, when the impact loads are too high for the body to adequately 

dissipate, the risk of acute and overuse injuries may pose a threat to the integrity of the 

lower extremity [2, 3, 34, 48, 96].   

Mechanical joint work has been used to characterize how energy is dissipated 

during a landing [3, 41].  Devita and Skelly (1992) reported differences in the relative 

energy absorption contribution of the hip, knee and ankle between soft and stiff landings.  

The relative joint contributions were 25, 37 and 37% in soft and 20, 31 and 50% in stiff 

landings for the hip, knee and ankle, respectively. As landing stiffness increased, the 

relative contribution of the ankle plantar flexors increased, while the hip and knee 

extensors decreased [3].  Likewise, Zhang et al. (2000) demonstrated an increase in ankle 

plantar flexor contribution from 12.5 to 38.1% and a decrease in hip extensor 

contribution from 45.3 to 20.9%  as the landing stiffness increased  [41].  Between 

genders, Decker et al. (2003) reported that the female group performed 34% less hip 

work, 30% more knee work and 52% more ankle work.  Despite the females 

demonstrating greater knee extension and ankle plantar flexion at initial ground contact, 
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there were no differences in peak VGRF between genders.  It seems the females may 

have compensated by utilizing greater knee and ankle range of motion (ROM) and 

greater peak angular velocities at all joints to reduce the VGRF.   

The effects of mechanical demands placed on the lower extremity can be 

examined by evaluating changes in the landing technique.  Often times the difference in 

GRF can be explained by the difference in knee flexion angles at initial contact [22, 42].  

Salci et al. (2004) reported college level male volleyball players landed with greater knee 

flexion and displayed lower peak VGRF as compared to females [42]. Contrasting to 

previous studies, Weinhandl et al. (2007) demonstrated that the females landed with 

greater knee flexion and displayed lower peak VGRF [22]. Self and Paine (2001) 

investigated landings with four different ankle strategies and found that the landing 

strategy with the largest ankle plantar flexion angle at ground contact resulted in the 

greatest amount of shock absorption and a reduction of the peak VGRF [5].    

Since muscles play an essential role in energy absorption during landing, it has 

been hypothesized that reduced muscular function resulting from fatigue, reduces the 

energy absorbing capabilities of the body.  Chappell et al. (2005) found  knee flexion 

angles were significantly decreased at the instant of peak proximal anterior shear force 

[19].  Other studies (Kellis and Kouvelioti (2007), Coventry et al. (2006)) have shown an 

increase in knee flexion angle at contact accompanied by a decrease in peak GRF [1, 17].  

The effects of fatigue on single leg landings demonstrated a significant increase in hip 

work with a decrease in ankle work [17].  Contrasting results were found during two-

legged landings to fatigue.  Weinhandl et al. (2007) concluded that fatigue caused an 



52 
 

increase in relative energy contribution by the ankle while the hip and knee contribution 

remained unchanged.  The initial ground contact (IGC) position of the ankle was also in 

greater plantar flexion.  It was suggested that fatigue caused a greater reliance on the 

ankle plantar flexors indicating an ankle dominant strategy [22]. 

Since ankle sprains are the most common occurring injury, prophylactic ankle 

supports are worn frequently.   However it has been suggested that ankle braces may 

interfere with ROM and performance.   McCaw et al. (1999) reported that certain braces 

decreased the plantar flexion angle at initial ground contact and reduced total ankle ROM 

during both soft and stiff landings. A reduction of  ankle joint ROM during landing may 

reduce the amount of energy absorbed by the ankle plantar flexors [29].  Irrespective of 

the accepted understanding of the ankles importance to energy absorption, the widespread 

use of ankle braces and their restrictions on ankle joint ROM , few studies, however have 

investigated their effect on lower extremity energy absorption characteristics.  Therefore 

the purpose of the study was to investigate changes in energy absorption of the lower 

extremity joints as a result of fatigue and ankle braces.  It was hypothesized that fatigue 

would cause an increase in ankle energy absorption.  The addition of ankle braces would 

cause a reduction in ankle and increase in knee and hip energy absorption in an un-

fatigued and fatigued state. 

Methods 

 Fourteen males (mass: 78.4 ± 11.8 kg, height: 182.9 ± 6.5 cm) and four females 

(mass: 65.1 ± 3.3 kg, height: 168.1 ± 1.5 cm) volunteered to participate in the study.  All 

participants were recreationally active in basketball or volleyball at least twice a week for 
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the past five months.  Participants had no lower extremity injuries that affected their 

ability to perform the landing protocol.  Each participant signed an informed consent 

form approved by the Institutional Review Board at Ball State University.   

 All biomechanical testing was performed in the Ball State Biomechanics 

Laboratory.  Participants were required to report to laboratory for two separate visits to 

complete a drop jump landing protocol to fatigue.  Each participant answered a 

questionnaire pertaining to history of injury, exercise history, general health and 

experience with ankle braces. During one of the visits the participants wore Ankle 

Stabilizing Orthosis (ASO) (Medical Specialties, Inc.©, Charlotte, NC) ankle braces.  

The ASO braces were fitted according to manufactures instructions.   Clothing 

requirements consisted of shorts draped to about mid-thigh level, no shirts for the males 

and tank tops for the females.  Each participant wore their own running sneakers that 

were required to sit below the malleolus.  Initial jump height assessments were measured 

by tracking the vertical displacement of the whole body center of mass (CoM) during 

three maximal effort countermovement jumps.  The CoM displacement was tracked with 

the sacrum marker. The mean jump height was used to set the box height for the drop 

jumps.  Next a warm up period consisting of a five minute bicycle and practice drop 

jumps was performed. The participants were instructed to step off the box with the 

dominant kicking leg suspended off the box while the arms held a PVC pipe on the 

shoulders.  After the warm up period was complete, the participants began the testing 

phase.   Maximal effort drop jumps were performed every20 seconds until they were 

unable to jump at least 90% of their initial drop jump height.   Initial drop jump height 



54 
 

was determined from the mean drop jump height of the first twenty drop jumps.  The 

maximum allowed drop jumps did not exceed 200.  The second session was performed 9-

13 days after the initial visit to avoid effects of delayed onset muscle soreness.  The same 

box height was used for the second session. 

Kinematic data was collected with a fifteen camera VICON (Lake Forest, CA) 

motion capture system at 120 Hz with Workstation software.  The upper body marker 

placement consisted of VICON’s Plug-in-Gait model.   Cluster markers were placed on 

the thigh, shank and foot.  Other marker locations on the lower body included: sacrum, 

posterior superior iliac spine, superior iliac crest, greater trochanter, lateral and medial 

knee femoral epicondyle, lateral and medial malleolus, calcaneous and toe.  GRF data 

was collected separately for each foot with two AMTI (Waterton, MA) force platforms at 

2400 Hz.  Visual 3D (C-Motion, Germantown, MD) software was used to build the 

model and calculate variables of interest.  VICON’s Golem marker set defined the upper 

body while the hip and knee joints were functionally defined.  Virtual landmarks were 

created at the anterior superior iliac spine due to their tendency to get blocked from the 

cameras’ field of vision during landing maneuvers.  Kinematic data was filtered with a 10 

Hz low pass Butterworth filter and the GRF data was filtered with a 60 Hz low pass 

Butterworth filter.  Joint angles, moments and power for the hip, knee and ankle were 

calculated in Visual 3D.  A code written in MATLAB (The Mathworks Inc., Natick, MA) 

was used to pull out the sagittal plane data for the dominant kicking leg during the major 

impact phase of landing.  The major impact phase of landing was defined as the time 

from initial ground impact to the first 100ms.  Power data at each joint was integrated to 
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calculate the mechanical joint work.   All kinetic variables were normalized to body 

mass. To accommodate for inter-subject variations in the number of jumps completed, all 

jumps were divided into 10% intervals for each participant.  The first 10% of the jumps 

were considered un-fatigued, while the last 10% of each participant’s jumps were 

considered fatigued. 

Four conditions were compared:  un-braced un-fatigued (UU); un-braced fatigued 

(UF); bracd un-fatigued (BU) and braced fatigued (BF).  A linear mixed model statistical 

analysis was performed to compare absolute negative work values, relative work values 

and IGC at the hip, knee and ankle.   

  

Results 

 Data for two females (mass: 64.3 ± 3.8 kg, height: 169.3 ± 0.4 cm) and six males 

(mass: 78.9 ±15.5 kg, height: 181.4 ±7.5) was used for analysis.  Ten participants were 

eliminated due to incomplete or unusable data.  Participants performed an average of 184 

± 16.4 jumps.  All of the participants were able to maintain a jump height that was at least 

90% of their maximum drop jump height.  Some of the sessions were stopped prior to 

fatigue when conditions became unsafe.   

 

Relative joint work contributions during major impact phase.  There was no 

interaction between the brace and fatigue.  There was no significant main effect due to 

fatigue on the hip (p= 1.000), knee (p= 1.000) or ankle (p= 0.636) for relative joint 

contributions.  Though non-significant, trends were noted in the data. There was no 

significant main effect due to ankle braces on the ankle (p= 1.000), knee (p= 0.113) or 
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hip (p= 1.000) (Table 2).  Overall, the hip contribution was decreased when the ASO 

braces were worn.  The relative knee contributions demonstrated a trend toward greater 

contribution when the braces were applied (BU 53.7° ± 4.9, BF 54.1° ± 5.4). 

Absolute negative work during major impact phase.  There was no significant main 

effect of fatigue on the hip (p= 0.690), knee (p= 0.443) or ankle (p= 0.260) for the 

negative work values. Though non-significant, trends were noted in the data. There was 

approximately a 5-6% decrease in mean absolute ankle work from the un-fatigued to 

fatigued states in both the un-braced and braced conditions. There was no significant 

main effect of ankle braces on ankle (p= 0.997), knee (p= 0.677) or hip (p= 0.463). Mean 

absolute hip work performed during the BF condition was approximately 12-19% less 

when compared to the remaining conditions.      

Landing style and lower extremity angles at IGC.  All participants were visually 

observed to perform forefoot to rear foot landings.  There was no significant main effect 

of fatigue on the hip (p= 0.528), knee (p= 0.099) or ankle (p= 0.260) at the IGC angles 

(Table 1).  Though non-significant, trends were noted in the data.  A decrease in mean 

hip flexion was demonstrated at IGC in the fatigued state.  The greatest mean knee 

flexion at IGC (27.1° ± 6.5) was observed in the UB condition.  There was no significant 

main effect of the brace on ankle (p= 0.314), knee (p= 0.283) or hip (p= 0.437) angles 

(Table 1).  The mean IGC at the hip increased 2.7° in the braced condition from 42.0°± 

9.4 (UU) to 44.7° ± 5.6 (BU).  The BU condition displayed a decrease in plantar flexion 

angles at IGC by approximately 3-5° as compared to the other three conditions.   
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Table 1 

Mean (SD) of contact position (degrees) during major impact phase 

                       UU UF BU BF 

Hip 42.0 39.1 44.7 40.9 

 (9.4) (10.8) (5.8) (5.5) 

Knee 23.5 21.9 27.1 22.4 

 (5.5) (7.2) (3.7) (3.8) 

Ankle -19.8 -21.7 -16.6 -20.1 

 (7.7) (6.5) (6.3) (5.8) 

*P< 0.05      

   

 

Table 2 

Mean (SD) negative joint work (J∙kg¯¹) and relative contribution (%) 

 Hip Knee Ankle Total Hip Knee Ankle 

Unbraced        

  

Unfatigued 

0.487 

(0.251)  

1.308 

(0.284) 

0.729 

(0.190) 

2.524 

(0.528) 

18.4 

(7.1) 

51.9 

(4.4) 

29.7 

(8.5) 

  Fatigue 0.480 

(0.251) 

1.269 

(0.289) 

0.692 

(0.166) 

2.441 

(0.504) 

19.0 

(6.9) 

51.9 

(3.9) 

29.1 

(7.3) 

Braced        

  

Unfatigued 

0.453 

(0.218) 

1.401 

(0.391) 

0.734 

(0.224) 

2.588 

(0.634) 

17.0 

(6.4) 

53.7 

(4.9) 

29.3 

(9.1) 

  Fatigue 0.397 

(0.178) 

1.268 

(0.0272) 

0.688 

(0.193) 

2.353 

(0.486) 

16.3 

(5.7) 

54.1 

(5.4) 

29.6 

(6.8) 

*P< 0.05        

 

Discussion 

 The purpose of this study was to investigate the energy absorption contributions 

of the lower extremity joints as a result of fatigue and the use of ASO ankle braces.  It 

was hypothesized that fatigue would cause an increase in the relative negative joint work 

at the ankle and demonstrate greater knee extension angles at IGC.  The effects of the 

ASO ankle braces were hypothesized to cause a reduction in the relative negative joint 
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work at the ankle as compared to the un-braced conditions.  The results did not support 

the hypotheses. 

   In an un-braced un-fatigued state, the knee is the primary shock absorber.  

Devita and Skelly (1992) demonstrated relative joint contributions of females were 25, 37 

and 37% in soft for the hip, knee and ankle, respectively [3].  Studies of males have 

shown contributions of 34, 46 and 21% (Zhang et al. 2000) and 25, 51 and 24% 

(Weindhandl et al. 2007) for the hip, knee and ankle, respectively. The results from this 

study demonstrate a similar knee dominant strategy with 18, 52 and 30% for the hip, knee 

and ankle, respectively which more so resembles the results of Weindhandl et al. (2007).  

The similarity seen with Weindhandl et al. (2007) may stem from the fact that they were 

the only two studies which individualized the landing drop height based off maximum 

vertical jump height.  Summated work values demonstrated in Weindhandl et al. (2007) 

and McNitt-Gray (1993) were -1.51 J∙kg¯¹ and -4.48 J∙kg¯¹, respectively as compared to 

2.52 J∙kg¯¹ in the current study.   Since the landing phase in McNitt-Gray (1993) was 

defined from ground contact to minimum vertical position of the total body center of 

gravity, the summated work value was larger.  The current study and Weindhandl et al. 

(2007) defined the landing phase from ground contact to the first 100 ms.  The larger 

summated work value demonstrated in this study as compared to Weindhandl et al. 

(2007) may be due to the difference in drop landing height.  The participants in the 

current study landed from a mean height of 51.9 ± 9.6 cm while the mean landing height 

was only 37.8 ±7.4 cm in Weindhandl et al. (2007).  Greater landing heights result in 

greater impact velocities and higher mechanical demand.   
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Fatigue had no significant effect on the mean work values or relative joint 

contributions in the un-braced or braced condition.  This outcome differs from the results 

found by Weindhandl et al. (2007) who demonstrated a significant increase in negative 

ankle work and relative ankle contribution with fatigue.    Fatigue has been demonstrated 

to decrease hip and knee flexion positions at IGC [22].   The results from this study do 

not statistically support that data but the hip and knee angles progress into greater 

extension at IGC when fatigue is present.  The greatest change due to fatigue was 

demonstrated in the braced condition with a decrease of 4.8° of flexion at the knee.  

Landing with greater knee extension is suspected to cause greater peak GRF and is 

associated with greater risk of ACL injuries.  Fatigue has also shown significantly greater 

plantar flexion angles at IGC [22].  The current research is similar as there is also a trend 

toward greater plantar flexion with the onset of fatigue.   The effects of fatigue in this 

study are very questionable.  Many of the participants were stopped prior to fatigue due 

to their ability to jump the maximum allotted jumps of 200.  The highest level of fatigue 

reached by a participant who jumped 200 times was demonstrated as approximately a 4% 

decrease in the maximum jump height.  This was unexpected considering the athletes in 

Weindhandl et al. (2007) only completed an average of 158±29 jumps.  The differences 

seen with the level of fatigue may originate from the exercise history of the participants.  

Even though Weindhandl et al. (2007) also recruited recreationally active athletes the 

athletes from this study were specifically active in basketball or volleyball.  Despite the 

similarities in the testing protocol, the additional jumping experience seen with the 

participants in this study may have delayed the onset of fatigue.  It is also suspected that 

fatigue was not reached because the participants were notified in the informed consent 
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the average number of jumps performed by other jumpers in previous research.   This 

information may have encouraged the participants to pace themselves by performing at a 

less than maximum effort to sustain their energy.  Therefore, since fatigue was not a 

factor, it would be more appropriate to state the effects of fatigue as the effects of 

repeated jumps over a period of time.    

The effect of the braces was non-significant on negative work and relative joint 

contributions.  Though non-significant, the relative joint contributions show the hip plays 

a smaller role in dissipating the impact forces while the knee plays a more essential role 

in dissipating the impact forces.  The absolute knee work in the BU condition was also 

between 7-11% greater than the other three conditions.  This may be concerning in the 

female population where a greater absolute and greater percentage of the total lower 

extremity negative work is performed at the knee as compared to males [4, 22].  Females 

are at a greater risk than males to injure the ACL [97].  This added stress on the knee 

from the ankle braces may further contribute to the risks of sustaining an ACL injury.   

It was proposed that the ideal ankle brace would not impinge on the normal ROM 

of the ankle joint [90].  However, past researchers have demonstrated a decrease in ROM 

and more erect landing positions when an ankle brace is worn.   McCaw et al. (1999) 

reported that taping, Air-Stirup (Aircast, Inc., NJ) and Swede-O-Universal (North 

Branch, MN) braces reduced total ankle ROM and decreased the plantar flexion angle at 

IGC during both soft and stiff landings [29].  This is supported by similar results found 

by DiStefano et al. (2008)[98].  The results from this study indicated no significant main 

effects on the IGC angles due to bracing.  Though the results were not significant, they 
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were similar to the previous studies mentioned.  This study revealed 3.3° less plantar 

flexion with the ASO brace (UU vs. BU) while McCaw et al. (1999) and DiStefano et al. 

(2008) demonstrated 2-4° less plantar flexion with four different ankle braces.  The small 

sample size (n=8) may have inhibited the ability to indicate significant changes in the 

data.  The implications of a reduced plantar flexion angle at IGC could essentially take 

away from the available joint ROM at the ankle.  A reduction in ROM may possibly 

reduce the ankle’s ability to adequately contribute to dissipating the impact forces. The 

reduction in plantar flexion angles at IGC and total ROM are in dispute with another 

study that found no interference of ROM with stabilization during running [89].  This 

difference may be due to the fact that less ROM is required for running, so the brace did 

not restrict the needed motion of the ankle.   

Comparison of the hip, knee and ankle IGC angles in the four conditions revealed 

a pattern in the landing strategy.  There was an inverse relationship between the knee and 

hip ankles in relation to the ankle angles at IGC.  When plantar flexion angles were at 

their lowest during the un-fatigued, un-braced condition, the knee and hip angles were at 

their highest.  In the un-braced fatigued condition, the knee and hip flexion angles 

displayed the lowest degree of flexion and the highest degree of plantar flexion at the 

ankle.  

In conclusion, the effects seen from repeated jumps over a period of time and the 

effects of wearing ankle braces places more work on the knee musculature to absorb the 

ground impact forces.  The use of ankle braces takes away from the ankle’s ability to help 

dissipate the forces and creates a transfer of energy to the more proximal joints.  This 
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may be more apparent in a fatigued state when the ankle has a larger role in dissipating 

the GRF.  The use of ankle braces is warranted for individuals who have a history of 

ankle injuries or chronic instability. But females and individuals who have a history knee 

injury should take precaution when choosing to wear ankle braces. An individual’s 

performance activity and history of injury should be taken into consideration when 

making a decision to wear ankle braces.   All ankle braces are not made the same.  Some 

braces like the ASO used in this research encapsulate the entire ankle joint.  Other braces 

like the T2 Active Ankle (Active Ankle Systems, Jeffersonville, IN) are constructed with 

a hinge joint to allow unrestricted sagittal plane motion at the ankle.  Braces which 

encapsulation the entire ankle may be safer in activities like running that do not require as 

much ankle ROM. Individuals who plan to participate in jumping activities may consider 

using a brace with a  hinge constructed in it.  Health care practitioners and athletes must 

research the available ankle braces to decide which is better suited for their needs.  The 

results of this study indicate that coaches, athletic trainers and clinicians should take 

caution when placing an athlete in an ankle brace.  Mandating the use of ankle braces for 

all athletes is not necessary when only a few athletes may benefit from their use.  Even 

though ankle braces may decrease the risk of sustaining an ankle injury, you may actually 

be increasing the risk of sustaining a knee injury. 
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CHAPTER 5 

 

SUMMARY AND CONCLUSIONS 

 

 

 

 

 

SUMMARY 

 

 The purpose of this study was to investigate the energy absorption contributions 

of the lower extremity joints as a result of fatigue and the use of ASO ankle braces.  It 

was hypothesized that fatigue would cause an increase in the relative negative joint work 

at the ankle and demonstrate greater knee extension angles at IGC.  The effects of the 

ASO ankle braces were hypothesized to cause a reduction in the relative negative joint 

work at the ankle as compared to the un-braced conditions.  The results did not support 

the hypotheses.   
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 Contribution of lower extremity joint musculature during landings has been 

investigated by several researchers.  Devita and Skelly (1992) demonstrated relative joint 

contributions of females were 25, 37 and 37% in soft and 20, 31 and 50% in stiff landings 

for the hip, knee and ankle, respectively [3].  Studies of males have shown contributions 

of 30, 41, and 29% (Decker et al. 2003), 34, 46 and 21% (Zhang et al. 2000) and 25, 51 

and 24% (Weindhandl et al. 2007) for the hip, knee and ankle, respectively.  All of the 

mentioned studies were performed in an un-fatigued and un-braced state.  The mean, 

relative joint contributions for the current study were 18, 52 and 30% for the UU 

condition.  Collectively, from these pooled results, the knee seems to be the primary 

shock absorber while there is a level of uncertainty as whether the hip or ankle is the 

secondary energy absorber.  Our results show a much greater reliance on the knee 

musculature similar to Weinhandl et al. (2007), but much less reliance on the hip 

musculature when compared to all the previous research [3, 4, 41] .  It is possible that the 

similarities seen with Weindhandl et al. (2007) may stem from the fact that they were the 

only two studies which individualized the landing drop height based off maximum 

vertical jump height.  Zhang et al. (2000) used three standardized heights (32, 62 and 103 

cm) and demonstrated that as the landing drop height increased in three different landing 

styles, the mean knee relative work decreased.   The average landing drop height in this 

study was 51.9 ± 9.6 cm.  The lower landing height in Zhang et al. (2000) displayed the 

most similar relative knee contribution values to the current study [41].             

 The mean absolute work in the UU condition for the hip was -0.487, followed by 

-1.308 and -0.729 J∙kg¯¹ at the knee and ankle, totaling -2.52 J∙kg¯¹.  A wide range of 
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values have been reported for the mean absolute work done.  The summated work value 

in Weindhandl et al. (2007) was -1.51 J∙kg¯¹ and derived from -0.37, -0.81 and -0.33 

J∙kg¯¹ at the hip, knee and ankle, respectively.  The recreational athletes in McNitt-Gray 

(1993) displayed work values of -1.24,    -1.26 and -1.98 J∙kg¯¹ at the hip, knee and ankle, 

respectively during landings from 32 cm.  The summated work was much greater at -4.48 

J∙kg¯¹.  The differences seen in the absolute mean work values may stem from the 

differences in landing technique and how the landing phase is defined.  The landing 

phase in McNitt-Gray (1993) was from ground contact to minimum vertical position of 

the total body center of gravity.  In the current study and in Weindhandl et al. (2007), the 

landing phase was defined from ground contact to the first 100 ms.  The larger summated 

work value demonstrated in this study may be larger than the value seen in Weindhandl 

et al. (2007) due the difference in drop landing height.  The participants in the current 

study landed from a mean height of 51.9 ± 9.6 cm while the mean landing height was 

only 37.8 ±7.4 cm in Weindhandl et al. (2007).  Greater landing heights result in greater 

impact velocities and higher mechanical demands placed upon  the surrounding joint 

musculature [99]. 

 Fatigue in the un-braced condition did not cause any significant changes in the 

mean work values demonstrated.  This result is contrary to the results found by 

Weindhandl et al. (2007).  The recreational athletes in his study demonstrated a 

significant increase in ankle work.  The current study demonstrated a 6% decrease at the 

ankle, a 3% decrease at the knee and constant hip work in the absolute work values. The 

relative contributions were identical in the UU and UF conditions.  The effects of fatigue 



67 
 

seemed to be more similar to single legged landing as demonstrated in Coventry et al. 

(2006).   Significant changes were seen with the decrease of ankle work and increase in 

hip work with a non-significant decrease in knee work.   

 Likewise, fatigue in the braced condition did not cause any significant changes in 

the work values.  Even though the effects of fatigue were non-significant in both 

conditions, fatigue seemed to have a greater effect in the braced condition.  The 

summated work value in the un-fatigued condition was -2.597 J∙kg¯¹ and -2.35 J∙kg¯¹ in 

the fatigued condition.   There was a 12, 9 and 6% decrease in the hip, knee and ankle 

absolute work, respectively, from the BU to BF condition.  The relative contributions 

were constant at all joints.  The decrease in summated absolute work was more 

pronounced in the braced condition.  It is possible that as the participants became 

fatigued, the ankle braces may have taken some of the brunt of the work by dissipating 

some of the impact forces.   The relative contributions remained constant at all joints.   

The effects of fatigue in this study are very questionable.   Fatigue was defined as 

when the jumper could no longer jump at least 90% of their maximum vertical jump 

height.  Of all the participants who completed at least one session, not one reached the 

level of defined fatigue.  Many of the participants were stopped prior to fatigue due to 

their ability to jump the maximum allotted jumps of 200.  The highest level of fatigue 

reached by a participant who jumped 200 times was demonstrated as approximately a 4% 

decrease in maximum jump height.  Following sessions were stopped prior to fatigue to 

decrease the risk of injury and to lessen the effects of delayed onset muscle soreness.  

One female participant voluntarily stopped testing due to what was suspected to be from 
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a low blood sugar level.  However, even that individual never dropped below 90% of 

their maximum jump height.  The differences seen with the level of fatigue in this study 

and between Weindhandl et al. (2007) may contribute from the exercise history of the 

participants.  Weindhandl et al. (2007) recruited a recreationally active group of athletes 

who completed an average of 158 jumps.  The current study recruited individuals who 

were recreationally active specifically in basketball or volleyball.  Despite the similarities 

in the testing protocol, the additional jumping experience seen with the participants in 

this study may have delayed the onset of fatigue.  The failure to bring about fatigue may 

have also stemmed from the participants’ prior knowledge to beginning the protocol.  The 

participants were given the average number of jumps performed by other jumpers in 

previous research as stated in the informed consent form.  This information may have 

encouraged the participants to pace themselves by not performing at their maximum 

ability in an effort to sustain their energy.  Therefore, since fatigue was not a factor, it 

would be more appropriate to state the effects of fatigue as the effects of repeated jumps 

over a period of time.    

When landing from a jump, the process of absorbing the force from a landing 

starts at the ankle joint and moves proximally up to the hip.  If the same total energy is to 

be absorbed in the braced and un-braced landings, a reduced energy absorption by the 

ankle musculature with the braces would cause greater proximal energy transfer up to the 

knee and hip [29] .The effect of the braces was non-significant on negative work.  The 

most notable change occurred in the joint contributions in the fatigued comparisons (UF 

vs. BF).  The addition of ASO braces caused a decrease in contribution from 19.0% (UF) 
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to 16.3% (BF) at the hip and an increase from 51.9% to 54.1% at the knee in the fatigued 

state.  Overall, the hip contribution seemed to trend toward less involvement, while the 

knee contribution trended toward more energy absorption as the participants became 

fatigued.  Though these changes seen from the ankle braces are not significant, it looks as 

if the hip plays a smaller role in dissipating the impact forces while the knee plays a more 

essential role in dissipating the impact forces.  This may be more concerning in the 

female population where a greater absolute and greater percentage of the total lower 

extremity negative work is performed at the knee as compared to males [4, 22].  Female 

are at a greater risk than males to injure the ACL [97].  This added stress on the knee may 

further contribute to the risks of sustaining an ACL injury.   

The risk of sustaining an ACL injury is also linked to IGC angles during a 

landing.  Landing with greater knee extension is suspected to cause greater peak GRF and 

is associated with greater risk of ACL injuries.  Fatigue has been demonstrated to 

decrease hip and knee flexion positions at IGC [22].   The results from this study do not 

statistically support that data but both the hip and knee angles progress into greater 

extension at IGC when fatigue is present.  The greatest change due to fatigue was 

demonstrated in the braced condition with a decrease of 4.8° of flexion at the knee.  

Fatigue has also shown significantly greater plantar flexion angles at IGC [22].  The 

pattern in this current research is similar as there is also a trend toward greater plantar 

flexion with the onset of fatigue.   The greater extension demonstrated in the hip and knee 

may pose as a threat to the lower extremity, but it is possible the body may compensate 

for that risky position by landing in a more plantar flexed position.  Self and Paine (2001) 
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investigated landings with four different ankle strategies and found that the landing 

strategy with the largest ankle plantar flexion angle at IGC resulted in the greatest amount 

of shock absorption and a reduction of the peak VGRF.   

It seems the body’s ability to take advantage of available ankle joint motion may 

be essential in absorbing the GRF.  The primary kinematic process associated with 

energy dissipation is joint motion produced by muscle lengthening under tension [100].  

During the landing, joint motion starts distally with ankle dorsiflexion, followed by knee 

flexion and last hip flexion [34].  It was proposed that the ideal brace would not impinge 

on the normal ROM of the ankle joint [90].  However, past researchers have 

demonstrated a decrease in ROM and more erect positions when an ankle brace is worn.   

McCaw et al. (1999) reported that taping, Air-Stirup (Aircast, Inc., NJ) and Swede-O-

Universal (North Branch, MN) braces reduced total ankle ROM and decreased the plantar 

flexion angle at IGC during both soft and stiff landings [29].  This is supported by similar 

results found by DiStefano et al. (2008).  The results from this study indicated no 

significant main effects on the IGC angles due to bracing.  Though the results were not 

significant, they were similar to the previous studies mentioned.  This study revealed 3.3° 

less plantar flexion with the ASO brace (UU vs. BU) while McCaw et al. (1999) and 

DiStefano et al. (2008) demonstrated 2-4° less plantar flexion with four different braces. 

The total ankle ROM during the major impact phase was decreased by approximately 2° 

(UU: 46.1°, UF: 48.5°, BU: 44.2°, BF: 46.6°) with the application of ankle braces.   The 

implications of a reduced plantar flexion angle at IGC could essentially take away from 

the available joint ROM at the ankle joint.  A reduction in ROM may possibly reduce the 
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ankles ability to adequately contribute to dissipating the impact forces. The reduction in 

plantar flexion angles at IGC and total ROM are in dispute with another study that found 

no interference of ROM with stabilization during running [89].  This difference may be 

due to the fact that less ROM is required for running, so the brace did not restrict the 

needed motion of the ankle.   

Comparison of the hip, knee and ankle IGC angles in the four conditions revealed 

a pattern in the landing strategy.  There was an inverse relationship between the knee and 

hip ankles in relation to the ankle angles at IGC.  When plantar flexion angles were at 

their lowest during the un-fatigued, un-braced condition, the knee and hip angles were at 

their highest.  In the un-braced fatigued condition, the knee and hip flexion angles 

displayed the lowest degree of flexion and the highest degree of plantar flexion at the 

ankle.  

 

CONCLUSIONS 

 

 Fatigue was not a factor in this study and produced insignificant changes due to 

the inability to induce fatigue in the participants.  The repeated jumps over a period of 

time did cause a shift toward a more erect landing position as demonstrated at the knee 

and hip.  There was also a shift toward greater plantar flexion at the ankle.  Likewise, the 

effects of the brace were insignificant but caused shifts at the knee and ankle.  The knee 

shifted towards greater relative work contribution while the ankle shifted towards less 
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plantar flexion experienced at IGC.  Overall, there was inverse relationship between the 

hip and knee vs. the ankle in the landing strategies.  When the hip and knee land in a 

more erect position, the ankle is in greater plantar flexion.  If the hip and knee land with 

greater flexion, the ankle performs less plantar flexion as IGC. 

 Despite the inability to induce fatigue, it is possible that if fatigue did play a part, 

the results may have been similar to previous research as indicated by the shifts seen in 

the data.  The effects of the brace may have been significant had there been a larger 

sample size to compare.  Overall, the effects of the brace seemed to place greater stress 

on the knee musculature.  Past researchers have demonstrated an increase in absolute 

work and relative contribution at the ankle in a fatigued state.  The addition of the brace 

caused a transfer in energy absorption to the knee.  This is a concern in the female 

population due to their increased risk for sustaining ACL injuries as compared to males.  

Females absorb more of the impact forces at the knee and ankle while males demonstrate 

a more even distribution amongst the lower extremity joints.  The results of the study 

indicate that use of ankle braces may further place females at greater risk for sustaining 

ACL or other knee injuries. 

The use of ankle braces is warranted for individuals who have a history of ankle 

injuries or chronic instability.  However, individuals who have a history of knee injury 

should take caution when choosing to wear ankle braces.  The choice to wear ankle 

braces should be based on an individual’s history of injury and also the type of activity he 

will be participating in.  Some activities like running do not produce the same amount of 

ROM at the ankle as seen in jumping.  All ankle braces are not made the same.  Some 
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braces like the ASO used in this research encapsulate the entire ankle joint.  Other braces 

like the T2 Active Ankle (Active Ankle Systems, Jeffersonville, IN) are constructed with 

a hinge joint to allow unrestricted sagittal plane motion at the ankle.  Health care 

practitioners and athletes must research the different ankle braces to decide which is 

better suited for their needs.  Individuals who plan to participate in jumping activities 

may be safer wearing braces constructed with hinges.  Encapsulation braces may be 

better suited for activities like running which do not require as much ROM.    The results 

of this study indicate that coaches, athletic trainers and clinicians should take caution 

when placing an athlete in an ankle brace.  Mandating the use of ankle braces for all 

athletes is not necessary when only a few athletes will benefit from their use.  Even 

though ankle braces may decrease the risk of sustaining an ankle injury, you may actually 

be increasing the risk of sustaining a knee injury.   

 

 FUTURE RECOMMENDATIONS FOR RESEARCH 

 Since fatigue was not factor, further statistical analysis was conducted on the data 

by comparing the braced condition vs. the un-braced condition.  The un-fatigued and 

fatigued jumps were grouped together as one condition.  A one way ANOVA (α= 0.05) 

displayed no significant differences in the work values or IGC angles.  The small sample 

size (n=8) may have inhibited any significant changes caused by the brace.  Given the 

high level of jumping experience seen in the participants, it is recommended that future 

researchers conduct fatigue protocols that have a level of unfamiliarity to the subject 

population.  Introducing fatigue protocols that include a component that is outside their 
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normal training routine may help induce muscular fatigue at a quicker pace.  Fatigue 

protocols based off jump height need to have an adequate warm up period consisting of 

jumping activities to eliminate the initial increase in jump height often seen before jump 

height decrease.  Future research could compare the effects of ankle braces during 

landing in populations not accustomed to wearing braces to populations who frequently 

wear ankle braces.  Ankle braces may help absorb some of the impact forces.  Further 

research is warranted on the energy absorption properties of ankle braces.       
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